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A[]S’I’RACV

An iq)proach,  bii$e(i  u p o n  Ihc LI\C ()[ a Kaluia[[ Inter. {Iui!  IS c ummtly  cm{)!oycd  :ii ik)e Jc[

I’repulsion i.akmtory  (J f)l. ) 10 I comblniilg  IndcpcIIdcII[ IncasLIIcnwnts  of (IIC liar[i~s (Jricnut~[~~l  I\

prcscnd Since ckingtx  in tbc Ilarth’s  orlentatioll”  earl bc (Iescnbcd  as bclng iorcul by a [:iIIci{)[Illy

cxci[cd  S[ochastlc process, tk  LIncerla  In[y i[] ouJ knowledge of the i;arth orlcntati  O1l para[l Ic[crs

~,lOWS ia~)idly  111  tbC :ibWllCC Of I1)C:ISIIICIIICII(S. ~’hc Kalman filter [nctbo(ioiogy  aiiows (or an

objective accounting of tilis growti) in the unccrl:ilnty  bc[wcen mcasu[cnlcn~s  of [be i;arti~

orientation” parame[crs, thereby faciii(ating  tiw i[ltcrcolll[):ilisor)”  01 H)casurcnlcnls taken at (ilffercnt

~[)~)(’~~s  {not ncccssariiy  uniformiy  spaced irl [i[llc) aIl(i w’iti~  dil’fcrcnt prc~islo[).  ‘]’]}c spcciflc de~~g~l

ot ihc J] ’I. Kairnar-t fiiicl for lkirih orioniaiion  m’as (ilciatcd to a i:ilge cxicnt  by the prese[]cc of

ttegcmerale  (i:ita types. I.unar iaser r a n g i n g  ohcrvaiio[ls  f[onl a singic s[ailon,  01 Vi. Bl

obscl vatlons from a Slrigic  basciinc,  alc ol]iy able [0 dcicr[l]inc iwo il)dq)clldcn(  co[l]poncnts  of ltK.

l;.arib’s  orlmtaiicm.  Si[lcc tbc clclne[~ts  of ii]e covariance  mairux  assocla[txi  witil ihe ckgcncritrc

comporient  cannoi  be pIopcrly  ctcflncd  numcricaiiy,  ihc Kalman fll[er was dcslgncd  LO use [[IC

informaiiotl  mairix (ii]c inverse of tbe u)variancc  mairix). Priol io colnbini[]g  ibc indcpcn(icni

nmrsk]rcnmn[s  of (he Earib oricniaiiotl  par+imcicrs, corrcciions io their bias, raic, an(i siaic(i

uncer(alnty  me deicrmincd  and applied. in order to avoi(i subjcciivciy  choosing a rcfcrencc series,

these. cmrrcciions  arc cicicrnlincct  in an iicraiivc  fast] ion whcrci[] cacb series is compareci  io a

corl~b~rlaf Ion of aii oihers. T’he corrccteci  series arc then combined arid placed wiibin a spcciflc

IERS !cfcrence  frame As an exampic of this aJqm)ach  io combining Harib orientation series, ~1

ciescripiiorl  is given of a combination ibai bas been gcncratcd  rccentiy  at I PI., namely, SPACIW5.

INIRODLJC’I’ION

A new field in the geophysical sciences has recentiy  cmeIgc(i,  namely, ibat of space

geodesy. An integral part of geodesy has always been ihc dcflniiion  and realization of a terresiriai,

1



cktcrlninecl by eiiCl~  kchnic]uc,  il

irldcpcnctent  lIICiiSUI’elllCIltS  and

ihlh orientation  series is useful

series of the I{ar[h’s  orientiition  can be obtained that  is based 11])011

lha(  S[)ilIIS  [t]c  greatest  p(hsit)lc  t i m e  in(crvai.  Sucl I ii L oinbined

for :i rlLllllbcI  of pllrposcs.  incillcting  ii Varle(y  of scientific  studies.

and as an a pI iori series fo~ use in data reduction procedures. lloweve[ . (“are 11111S[  be Urkn  in

generating such ii combined series in order (o acmun[ fol differences in the underlying rcfercmcc

frames within which each individual scrles is determined (which cm lead LO differences in biiis  and

rate between the liarth  orientation series), as well as to properly assign relative weights to each

observation prior to combination. The issues and concerns surrounding the cornbin:ition  of Earth

orientation series is the silbject of this report [see also Gross, 1996a]. As a framework in which to

discuss these issues and concmls,  a description will be given of the cfctcrnlination  of a particular

combination, SPACE95 [Gross, 1996b], that has been ge[matcd  rccentl y at the Jet Propulsion

I.aboratory

approaches

(J PL) from the space-geodetic

to combining Earth orientation

Earl}) oricntatioli  ser ies  listed  in Table 1. Other

series h:ivc been ctiscusscd by Vicenfc  and Wilson



1 988], M(’(:(ll”thy  (ltld ijl(zllltl

Sl)A(:Ii-GI;ol) I;l’l(”  IiAl<’l’] 1 ORlfi N’l’A’-l’loN”  SIH-?I[{S

$[itcllitc  [.awr  R(itlg[tlg

1[1 ‘the technlqm of sa(cllitc  laser ranging, the mind IIlp tlltmof-fligh~  of lastr  lighi pulses

arc accurately measured as they arc clllittcd  from a Iascr sys{cln  loca(cd  a~ son~c grounci-tmcd

o“bscrving sta[ion, travc] through the iiarth’s atl]losphcrti  IO some arlif’lcml  satcll~(e  ortri[mg the

fxi[(t~l ate rcflcc[ed  by rctto-reflectors tamed Onboa[-d thal sa(cl!~tc,  and rctur[i (o the sar~lc

observing station from which they were cmit(cci  [e. g., Z,aflilwck, 1988, chap. 6]. l’histinlc-oi-

flight  range mcasurcmcnt  is convc[lcd  into a distance mcasurcnlcnt  by using the speed of light and

correcting, fora variety  c) fktl(]wl~{)r lllo[lclcclcffccls  suchas  atlnospheric  patllciclay  alldsatellitc

center-of-mass offset. Although  a number of salcllitcs  carry rctr’o-reflectors for tracking and

navigation purposes, the I. ACJI;[)S satcllltc is IIIOS[ con~monly USCC! for the cteter[ni[latlor~  of the

Earth orientation parameters since it was specifically designed find launched to study this and other

geodetic properties of the Earth [e.g., C}lri.vtc)[lc)141i(lis t’f[i[.5  1985: C{)llt’ti  iltilISfllltlz,  1985J

T’he Earth orientation parameters are recovcrcd  from the haslc range nlcasu[cmcnts  In the

course of determining the satellite’s orbit. l’hc basic range measurement is scllsltive  to any

geophysical process that changes the distance between the satellite ~ind the observing station, such

as displacements of the satellite dLIC to perturbations of the Earth’s gravitational field, motions of

the observing station duc to tidal dispklccmcnts  or plate tectonics, or a change in the orientation of

the Earth (which changes the location of the observing station with respect to the satellite). These

and other geophysical plocesses must bc mo(iclcd  when fitting the satellite’s orbit to the range

measurements as obtained at a number of globally distributed tracking stations. Adjustments to the

a priori models used for these effects can then bc obtained during the orbit determinatior~



procedure, thereby  enabling. fore.xamplc, tllc.iJctcrlllill:iti[Jtl  of the I~arlh orlcnwtion  para~~lclcrs

[c.g.,i$))lilllet(ll., 1985, !990, 1991, l{)94,7il/JlfJ\(’r{/l.,  1985, ~993].

AIILIIlltJcr  (Jf C)1g:ttli7.itti(} rls, illclllClillg  gloll~Js:  ll(;()(l(lzir(iS  ililccI:ligtllC  `eIltc1 (GSl;C), thC

l)t~iversityo~””i’cxas~lt  Allstlr~C~c[~lcr  f(>r S1)~lce Kcsc;ilct]( [J’I’C~SI<).~  i[ltl(iic:l)clf(  (Jn~vcrs~tyof

Technology (I)lj’1’),  currently ctctcrminc  Ihc I{ar(h oricntallon  paramcxrs  ir’ODi i.A(~IiO.S  r(i[igt

t’1’reasurcnlcn[s Since  each  of these g~ou~)s  uscs tl~c sanie bas~( Set of 1. A[; I’.[)S Ya[lg(’

r~tcxsmerncnts,  (heir mLtlts arc no[ c o m p l e t e l y  !rdc~xrdcnt  of cacll o[tm cvcri lhough  thc~r

subsequent dat:ie.cfiting :ind processing pmx?durcs  arc different. l;O1 lhc  plrrpow  of LWrI\bll”rl[]g

t;;irtt] [Jrlerlta[iorl  series,  it isclcsir;~l>ic  tocolllllir]corl]y  conlpletely  irl(ie~~cn(len[  [ictcr[lllndtl(}  nsoi

h Iial”(ll’sorlcrltatlorl.  Thus, in generating Sf’AC~Ii95,  onlyonc  Sl,R data set was used, namely,

that cfctcmincd  at the LJnlvcrsity of Texas at Aust [Ii ~kmtcr  for Space Research.

'l'tlcp;irticlrlar  LJ'I'CSR  Sl.RIi:irt}l  ()ticrltt~ti(~l~  (l;ttasc  tLlsc(lir lgcrlefat irlgS1'AC~ll95  is(!le

series cicsignatcd M3P(C.SR) 95 1, 01 [Emc.$ atld  Wafki)ls, 1995]. “[’his series consists of values

for universal time (U1’ i ) and the x- an(i y-conlponcnts of polar olotion  (PMX and PMY,

rcspectlvcly)  spanning May 19, 1976 to January 2.8. 1995. 1 lowevcr-,  bccxuse the f!rst fcw values

of this scmx have larger- than usual stated unccr(:iintlcs  and averaging intervals, only (hose values

after October 2, 1976 were usecl in generatln:,  SPAC!~95  Also, only the Jml:ir  motion vaims of

this serlcs have b e e n  Liscd in generatl[ig,  Sl)ACli95. I’he UT 1 de[crrninations  were. [lot

sncorporatecl into SPACE95  since their long pcriocl behavior has been constrained to that of the

a p r i o r i  serlcs [F.”anes and Wafkin.T, 1 995], and hcncc are not entirely based upon range

measurements as are the PMX and PMY values. It is difficult to separate variations in UT] from

variations in the orbital node of the I. AGEOS satellite due to the effect of unmodeled  forces acting

on the satellite [e. g., 1.r7n/beck, 1988, SC.C. 6.3.5], so that both these quantities cannot bc

simultaneously estimated without making ad(iitional  assumptions. Solutions for these quantities

arc obtaineci by assuming that the effects of the unrmdeled  forces arc such that they cause the

orbital node to vary slowly, and that rapid variations therefore reflect IJT 1 behavior. I Ikmcc, tbc

slow LJT 1 variations are not adjusted, but arc constrained to those of tkle a priori series. Tim
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KalImIi filter used a{ .JP1. to con] birtc Ilar[h oticn[at]im  scrIc$ (see below) cloes nm curmn[iy havv

the c a p a b i l i t y  of separatin~ ttlc nmasurud  rapi(l (1”1’1 varia~ions frolll tllc  Collstlalilcc!  slow

v~iriatlons. Thu\,  to insure (ha( only indcpcndcnt  (lctcrrlllll:itiot~s  m incorpora(cd  l[]to the

combined I;arlh mentation  series, lbc (1’I’CSR S1 .K (J”l’ I values have not bcc(i  used ‘1’/1(’  pr’opt>r

II I(x9rpora[Ion  in(() the  Kaln K(n flltCUoi  t[lc  rii~m!  S1 .1< [J’1’t VA1’liltlo[lS  (t)u[ II()[ IIIC s~ov+ va!MIIons;  I

lsc!lrlcn[ly  lIN(ICT  Sfudy.

l,wmr l.a.wr Rattgitl,q

I’IK technlqLlc  of lunar laser (tinging, is similar tt) {llal  of satellite last-l ranging  cxccpl that

the ~ascr rctro-rcflcctol.  Is Ioca(ed on thr Moon, rather than  on sonic al tlficial  samlll(c [e. g.,

Mulholland,  1980; I,anlbct.k,  1988, chap. 71. 1,unar Iascr ranging is technically nwre chal lcnging

tlmn satellite Iascr ranging txxausc of the need (() dc(cc( (he much wcake~ signal  tha( is rc(urncd

from the Moon than from the much clmcr arliflcia! satellite. 1.argcr, more Powerfu]  Iziscr systems

with more sophisticated signal dc[cctors need to hc c!nploycd  in 1.I.R; conscquen(]  y, there a! c far

fewer stations that range to the Moon [ban range to 1,AGIK)S in fact, [krc arc currently only IWO

stations that regularly  range to the Moon: McI)oIIald  obscrvato~y  in Texas aIIcl the CERGA s[at~on

![I (iIassc,  l;mnm

‘[’he Earth orientation p:i[anle(cls  arc typically iktel mined fronl iunar  Iasel raIIg,mg  by

analy~,irig  the residuals at each station after the lunar orbit (and other parameters such as station and

rcftector Iocatlons) has been fit (0 (he range mcasurcmcnts  fmln all the stations [e. g., S[oiz et al.,

i 976;  Langley  Cl  al., 198 1; llicky  cl al., 1985, 1994; Newhall (’t al,, 1988; William c1 al., 1993;

Whppfe,  1993]. From this single station tcchniquc,  two Iincar combinations of I.JTI and (he polar

motion parameters PMX and PMY can bc determined, narmly, (JTO and the variatiorl  of latitude

(VOL) at that station. A number of organi7.ations,  including groups at the University of Texas

McDonald  Observatory and at the Jet Propulsion 1 aboratory,  CUI rcntly determine LJI’O arid the

variatm of latitude from lunar iaser r:inging.  flu( all such determinations arc based LIpon the same

set of range n]easurmcnts  and arc tt m-eforc not conlp]etel y independent of each other, even thoLlgh

the subsequent data editing and processing procedures employed by each analysis ccntcr are
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differcnl.  Since it is dcsirabk to combine on!y independent I’ktb oricntaticm results, only one I I R

solu[ion has been included  in SPA(;I;95.  nanmly, [bat dc.tcrnlined  a~ Jl)l..

l’he partlculal  .JI’I. I.I.R scr]c.~  mscci if) gcncratlllg  S1’AC~[i95  i s  all updated  VC[>IOII o!

IX) P(JP1 <) 95 M 01 [/Vc)tdZa/l  c1 (//., 1 995] .  ‘1’})]s scrlcs mms]sts of values  (OI 11 ’ ! ’0  d[~(! thr

wiria[ion of latitude as dclcrmincd from obsewations  taken by Ibc I.IJR station al 1 Iiiicakalli.

<)kI-Va(Ory  in IIawaii  (spar lning  lkbrwary 10, 1985 to ALIgLISI  I 1, 1990), bY IIIC (~I;RGA systcl]i

In (irasse. I:rance (spanning April 7, t 984 [a IIcccmbcr 14, 1995). and by the three 1,1.R statimls

(Ilat have been locamd a[ Mcthnald  (Hmm’zitory  in ‘1’cxas  (collectively spanning April 15, 1970 [o

?lcccn~ht’r’  28, 1995). 1 lowcver, in generating SPA(;I;95. (I]c 1.1 ,R (1”1’() and VOI, determinations

lI”riide [’r om obscrvatlcms  taken prior (o octobcr”  2, 1976 have [lot been used. i)f)~al nlo[io~”i  vai LIcs

arc nccdd to convcrl  [k 1,1.1<  U’I’()  Iuc:isurcmcn[s  to [J’1’ 1 [SCC equation ( 1 ) hclc~w  ~ Since rcgulw

sJ~acc-geodetic mcasurcnlcn[s  arc not available fur all three I{arttl orientation components before ttlc

SI,R sm ics begins, and since only those S1 .R n~casurcmcnts  sil]ce Octobcr  2, 1976 haw  been trscd

in gcmating  SPACIi95  (see l-able 1 and the above section on Satellite i .ascr Ranging). no M.R

measurements made prior to this date have been used in SPAC.1 ;95.

‘1’hc two liarth oricntat  ion parameters LJ’I’O anct Vol arc related  to 11’1’1 and the polar

rm)t~or~ pa[amctcxs PMX and PMY by the well-known cxprt. ssions [e. g., Moriiz  4111d  Mueller,

1988. p. 425]:

A@[(I) =  x,)([) COSJ., –  y,,(t) sin~( (la)

where A@l is the variation of latitude observed al the station i tha[ is located at nominal latitude #i

and cast longitude  Ai, tllc observed LJ’I’O at that station is dcsig[la[ed  (170i(t) – 7X1(() where 7Hl(~)

is a rcferencc  time scale based upon atomic clocks, the variable U(t) is defined by

U(t) = L/7’1 (1) - 7’A/(t), and x,, and y,, arc the polar nlotlon  parameters PMX and PMY,

respectively, with y,, being positive towards 90° W Iongitudc.  A third linear combination l)i(t) of
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/17’oi(f) ‘-  7X1(1) by:

(17’1

?’he transformation between the.

then be written in nla[rix fmn :is

‘((f)  “ COs@/ [(]ll)i(r) - 7A](f)l (2)

l’I’t)M  paralnclers  and the V(II ) pariimctcrs ( A(#I(, [/7’/’,, /), ) can

where It is easily shown that the resulting 3x3 transformation matrix is orthogonal. Unit vectors in

the A@;, U71;i, and 1~1 directions of [larth orientation parameter space form a triad Of orthonornud

base vectors that span this patamcter space. Note that in the system of equations ( 1 ) or (3) the

Earth orientation parameters arc all assulncd  to have the same units. If the mcasllrcd  values  [e.g.,

[J7’Oi(t)  - 7Al(f)  anti A@i(~)] h:ivc  different units, then they nlllst bc convcrtcd  to the sanm units

prior to application of the transformation rcplcscntcd by (3).
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111 {he Ki\lIllal~  filtcI, besides [Iansforl]]ing  be tween tl~r (1’1’PM arid Vlj[> para~llc[cr<

[twi~)sclvcs,  11 will also bc ncccssary  t{} [ransfmtl  IImlr rcspcc[[ve ct~varlancc.  n~al.1  ]m~ ‘{ ’11!s C;i?l  h{

dCC(Hll~J]l ShCd L~Slll~  tk .~X~ Il”:t II SfO1”lll:l(  loll” Illa[l’lh  dt:il IICd by ( ~) O1lC.t:  thC Stilld Llll{’CI”Iii~lltlC..\ dlld

(xmcla(ions  of the nmasurcmcnts  have hccn conkwrld  from those appropriate [or tk mc:isll]  c-d AO,

a n d  11~~), - YA/ (o tlmsc  appIopriatc  I(M A@{ and 117’/(. ‘1’L) acc(~l~~plish this (once ihc uni[s of [k

[I~casu It’d [/7’01  – ‘7A I values and unccrlalntics have been changed to thow of AO!) 1? IS (IIIly

!Iccessary  to c o n v e r t  the  St:ltcd  unccr(aln(ics  of tt)c  lllC:iSllICd  [1’/[), 7A/ to ttl~)sc ~iP~>l<)~)~\~~(t’  ii)(

[/7’/;  by multip~ying  them by the sallw scale laclor  used in (2) to Collvcrt U70, - 7X1 to (H’?”,,  ~ha?

is, by COS@(.  ‘1’tl~ cor re la t ion  b~twcc[] A@i :t[ld (1’/’1’ ~ is the sanle as that be[wecn .40, :Irid

l)’lo~  -- ‘k’Al (c:orrclatio[ls  arc LInaffcctcd by scale facto? diflcrul~cs), aId thus IIO convc  IsIor~ {JI (m

stated COI rc!at ions need be made

Vct;y l,ot~,g  Ija.ve[it[c  ltt[crfcrott[p(t-~

Radio mterferomctry IS routinc]y used to nlakc highly ~accu[  ale rl-lc:lslltc[-ilcrlts  of chalig,e>  [[~

LJ”l’1 arid polm motion with observing sessions last~ng from aboul an hour m a day. ‘1’hc V1.B1

iechrlique  measures the diffcmncc in the arrival time of :i radio signal  at twc) or more I;idio

telescopes that are siltllllt:l[-lc{)llsly  observing the same distant  source [c. g)., .$ha~)irff$  i 983;

1.(/r9ibc(’A,  lg88,  chap. 8]. This tccti[llque  is tl]crcforc sensitive [(J pIoccsses [Ila[ Charlgc  tilt’

relatlvr position of the radio Ielcscopcs with respect to the source, SLICh a s  a  Char”lgc  in ttlc

orientation of the Iiartli in space 0) a ctlangc  in the position of t hc wlcscopes  clue to, for example,

tidal displa.cements or tectonic motions. If just two telescopes arc observing the same sources,

then only two components of the Earth’s orientation can be dctcmincd A rotation of the liar[h

about an axis parallel to the bfisclinc connecting the two radio telescopes dots not change the

relative position of the tclcscopcs  with respect to the sources, and hence this component of the

Earth’s orim{ation is not determinable frotn VI.BI observations ttikcn 011 that single baseline.

Muitibaselinc  VLB1 observations with satisfactory geometry can determine all three components of

the Earth’s orientation.



A number {Jfc)rgitl~iz.:itic)r~s, lll~llldlll~,  gl’ollps  ;1[ ~Jodd[{rd Space ~;]i~h[  ~eIl[Cl, [k’ JC[

I’ropuision  l.ab(mi(ory, the lJS Naval (Jbscrvatory.  all(i the (kmdetic  Institute of the (Jnivcrsi[y  of

l\()tlIl cLIIlclltly(t  ctcrtl]i[lcIi 2irltlol  iclltti(i()Il{J:  iI-;tlllctcls  irOn~VI.Bl  Illckislltctllc[  l(sllsi[]g [ilclr[)w[l

in(kpcnden[ data processing and rdudion procc(lures. !Iowevcr, since nlany  of t h e  rCSLl~tli!~

l;ar(t]  (Jricn{ii{l(JIl  scI-lcs:irc  tJ2isc(i  Ll~)(Jil  tl]es:t]]~e  scl()l``Vl.I3l ~l]c:i\LIIcII-lcflls(tl(3y arcnolcnIIrciy

indcpcndcnt  of each O[hct’.  Since il is desirable 10 conlbinc  only In(lcpcrldelltly dctcrllli(lcxl  l;;t{-(l~

mcnlation  parameters, only those writs dcscrihd klowf have. becr~ Iluqxmitd  lntL)SPAC[L{~5

s(; }’/( 1)1’ “!’IIC vl.~~]  ~1’olll)  o f  IIIC ~il!l[)llii~  ACIOIIiiLIIICS  tll”ld ~~)i(CL’  ~{lllll[ll~[l,i(l(lt~

(NASA) S1>:icc  @OdCSy  ]’10~1’:1111  fSG1’: fOI’IIIC+”)’  t h e  ~’1’llst;ii  [)~112HI” IlC\ h)jCCf  (,~’’f)}’)~ d{

(hddard space ~:llght  ~kn[cr’  conducts VI ,1)] oimrving  calnpai~ns  in order to study the I’,arli]’s

cfcformat~on  and rotation [C’lark c1 al., 1985, !987; RWII cf al., 1986, 1993; Ma el (il., ~ 993,

i 994, i ‘)~~].  LJsing  inctcpcndenl pK)CCs.Sl[lg t(!chlliques  ttwy a~so rdllce d a t a  taken Llnder other

observing programs, incl Llding the National f{a~[h Oricn[ation Service (N I~OS) and the

lRIS/POI.ARIS  programs described below. ‘1’hc lmiicular SGf’/(’i)P Eat-(h orientation series [id

~rl generating SPACFi95 is designated by thcII~ a~ (;1 .l1973f [M{/. persona] cc~]I~~l~~l[lic:itio[l,  1995 !,

spans AUgUSt 4, 1979 to Dcccmbcl 28, ! 9°4, and consists 0[ Earth orientation parameters

dcternlillcd  fmm both single baseline  and n~ul[ibascl[ne  VI.H1 observations

USNO. As part of its participation in the National Earih Oricntatiol] Service [liuh(~r~k~  ct

a/., 1994], the (JS Naval Obscrvat(wy ([ JSNO) conducts VI .111 observing, sessions It-i CNdcr  [o

regr.rlarly  monitor changes in (hc i{arth’s oricnta(ion. Series of Ihrth oncntaticm  paranlcters

determined from these observations, as WC1l as from observations conductc(i  under other observing

programs such as the SGP/CXIP and 1}<1S/1’01 .ARIS (see below) progranls,  are produced by the

LJS Naval Observatory using their own data editing and reduction procedures [L’14hnk,Y  et al.,

1994]. “l’he particular LJSNO liarth orientation series incorporated into SPACE95 is thclr

“n9604.  cop” series dated ~Tebruary 15, 1996. 1 lowcvcr,  since this USNO E~arth orientation series

is not entireIy independent of the SGP/(Y)P (11 ,B973f series because they arc both largely based

upon the same set of VI,BI rneasurcnlcn(s,  only (hat portion of the USNO series that does not
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overlap  with (IIC SGJ)/CI)I) (.;1 .B973f  series wa~ i(lcorpora[cxi  il]to  SI’A(; I~95, Ilanlcly OIily ih:i~

[,orlior~”  s~)aiiilin,g  I)cccmbcr  29,  1994 [U lcl~ru:ir~ 7, I ‘)()()

JR/.S/l’0l,ARlS. “1’hc 1)01 jar u]o(ion  Analysls by R a d i o  !ntcI fctomciric  $uwcyt[~g

(POI. ARIS)  project was originally organimd  [0 ]u(mitor ikrth  rotation aI)d orientatlcm using V1.Bi

otw vations w ~thi[~  the Ummi State\ [C”(irlct, 1979:  [ ([rtf’r  mi S’tldl/~c, 1 97!J; Carrcr cr {~i.  J 97°

1984; l<(ht(.~())1 ad Carict”, 1982].  ‘[’he 1’01 ,AI<IS network was la(cv expanded to InclLIde  i urthcr

‘i;uropwl  ~nvolvemcnt  in the lntwmaticmal  I<adio  lntcrfcromctric  Surveying (IRIS) projm [C’~/rrcr

{lt)d R(d)(’)  ”t<votl,  1984, 1 986a,  1 9X61); t{olM’t’taY(Hl  1/11(/ C(ifl( ’t”, 1 985; C(lrl( ’)” (’t al., 1985, ! 9X8:

,R(dwrl.wjl:  (’t {il., 1 988]. In additi(m to (hcsc 241Mmr scssims,  regular single basclim  obw’rvlt]g

~~~~lorl~  oj I.[~oLlr d~lration,  (1~~ “]nr~rlsiv~” ~cssions  O1l.glii<tlly  usittg  [hc LYc>II{)[{]

(Massacbusel[s)  anti Wct(zcll  (Germany) radio tclcxwpcs but curr’cn(iy Llsiug  tlmsc at {ircu!~ Bd[ik

(West Vlrglnla)  and Wettz,cll  [l<ol)(’r(.~otle((il”  . 1~8~],  :lI”t?COIldllCte(f  <it(]Ll~S1-L!~lly  ill[CrV2\[>  f”()) ’[~lC

\> Llrl)osc of ’CieIcrlil]rllng[  J’l’] ( the  “lnictisive”  sc\\[()[ls:irc  nC)[cllrreIltly  c()tlCiLlctcd  on Sl.l!iCli\vs,  [l()?

ml the ciay of the 24-hour multibasclinc  NIXH session). Since the above SGP/CDP GI.B973f and

[JSNO “n9604. cop” Fkrth orientation series incl(lde  valLIcs  (ic(crlnincci  from tiw lRIS/PO1 .ARIS

24-hour VI ,13i measurements, they arc autolnaticaiiy  inclu(iect  in SPAC~E95 an(i no separate

IRIS/POI .ARIS series ncccis to be incorporatc(i  1 lowcvcr,  since neither the SGP/~DP  G] ,B973f

nor the LJSNO “n9604.cop” Earth orientation series include the “Intensive” [J1’1 val LIcs, they have

been inciucki  in SPAC3~95 by incorporating series of them dctcrmintxi  at bc)th the USNO an(i the

Natiomi  Oceanic an(i Atmosikric  Acil]~il~lstlatl{~t]  (NOAA). ‘Ike particular NOAA “lntcnsive’

LJ’I’I series chosen for incorporation into SI’ACIi95, liOP(NOAA) 95 R 02 [Ray er ai., 1995],

spans Aprii 2, 1984 through December 3 i, i 994. in addition, that portion of the [JSNO

“lntcnsivc”  U’1’l series “n9604.cop.int”  dattxi I;cbruar-y 14, 1996 tilat does not overiap  with the

NOAA “Inknsivc” IJT 1 series, namcl y th:it  pol-iion  spanning .ianuary 4, 1995 through February

10, 1996, was incorporatcci  into S1)AC1195. Note that in principle the IRIS “Intensive”

measurements, being derived from sin~ic  basciinc  VLBI observations, shoui(i be treated as

measuren~ents  of the transverse (T) anti vcrticai (V) components of the Earth’s orientation (see
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bc!ow) rather than :ts mcas(lrcn]cn[s  of ~1’1’l.  tlowcvcl”,  21S released  by both N O A A  a n d  thC

Ll~N(). ~tlc I R I S  “ I n t e n s i v e ”  mcas~iwl]lcll(s  arc> g i v e n  a~ l~]e.asurc[ncnts of” (Jrl’l w’~tt~out ttlr

wxcssar-jr  ancillary information (SW below) thal  would  allow thcll]  (0 bc IIM)IC properly  IIC;UCC[ as

nlcmurcmmts  ofl’ and V. lIence, in SI]A(’119S they Iwve been tlc;ited  w (J’1’l  i]~c:i~tlrc:[i~ci][~.

O,f’N ‘1’he IkcI)  Space Nc[woIk (l) SN)of NASA lIa\condLIckxi  s]ng,lc ha~ellnc V1.131

obscrva(lorls  forthc  purposcof  radio SOUICC C’A’l alog Malntcnarlcc  :IIK1 fint~dncc[!lcn[  ihcre  c;~licti

ilw [’AI M&l Lscsslons)  ;il irregular interviils since l:ilc 19’78 {l’(lt: \(’/{)\\’  (’[(l/., i9’-)9;  .L’)i(’!.ye?[  l)..

1984;  .Ytcpl) (’(’(al., 19951. “1’llcscscssio[ls:ll~  [Iolllilliilly  24 110111s 111 Cilll:itl(J1li  i11c!211’cs cllcCllllc~~

Wlthll)  ;1 j“ew days  of C:ich  Ottlcr  on both (Ilc MOO k m - l o n g  bawllne bctwt’.crl  [hc Goldstonc

(C;aiifo][lia)  Ltnd Madrid  {Spain) [cltxcoprs. a n d  (k 1O,7(JG kIII-long ktsclinc  ktwcen  tt-~c

Goldstonc  :i!id (~anbcrra  (Australitl) telcscoprs. Since July 1980, t[~e IJSN hm iilso LIndc  IkIkcn

single b;mlinc  V1.111 obsclvatlons in suppol-t 01” spacecraft niivigation  [F.’uhal!k.! c( al., 1982;

Stcpf)ecral.,  1995]. 'l`llcsc  sctlti-wcckly  'l`il~~c:~l~(l  li:ll(t~Moti(~ll  l' Itcisiorl{  )bscr\titi[)l~s(  'l'[iMl'C))

session sgcnmally  last nomorc  than 3 hoursatd  arc ()[~(t~c  s:lll~c  haselitles:is arcthe~A’1’ ,M&Il

sess ions .  7’hc particular IJSN I;artll o~icntatiorl  series cht~sc.n  [or inc!uston  ~n SPA< Ii95,

containing  results dctcrmincd from both the ~Arl’ h4&I; and ‘I’tl MPO obsc[-vin~,  sessions, is a

~C)rltiK1ll:iti~l~  of ~hc sCrics dcsigna[cd  ~ioI~(J[)l,)  95 I< 01 [,S[()/)/)[) (’f (//., 1995] and Sp:ins(k!ohc!”

~~ ~97~ t.o Jariuary ~, 1996.

As mentioned above, only two components of the Fkrth’s orientation can bc determined

from VI.B1 observations taken on a particular single baseline. The Kalmall  flltcr must be able to

transform bctwem  these two determinable components, each of which is a particular linear

combination of (he usual UTPM parameters, and the U’1’PM parall~eters  thc[nselves.  In order to

derive  the transformation matrix ncectcct  to accomplish this, first consider a special coordinate

system, the transverse, vertical, lcn~th system, that has been found to be useful in analyzing single

baseline W,B1 results [Eubanks am] Steppe, 1988]. 1 ‘igurc 1 illustrtites this coordinate systenl,  lhc

basis vectors of which lie along the three mutually orthogonal ciircctions given by the baseline

length,  the baseline vertical, and the baseline transverse directions. Let rl and r2, denote  the

11
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l’hc coordinate transform: ition matrix relating the components HJT, u’,, , }ii, of  so[nc posltioll

vector  w in the baseline transverse, vertical, length systcm to its comporlcnts  UII , tt’} , ttz in the
. .

USL12tl i, j, k Sys[cnl  is thcIl given by:

!6)

where cxprcssims  fc)r thC T; , ,,1, ~rld /)1 e,lcn~cI~Is  of ~hc cor)r({ltla(c (I ansforllla[lon  matrix 1[”[ ~Cr~~i~

of the locations (4) of the radio telescopes are Icadily obtained I rom (4) and (5).

The transformation matrix nccdcd  by the Kalman filter is not the coordinate transformation

matrix defined by (6), but rather the transformation matrix that relates the usual (JTPM Earlh

orientation parameters to the linear colnbinations  of thcm that alc dctcrminablc  from single baseline

VL131 observations As dcfinccl  here, these two determinable colnponents  arc the transvctsc T

component representing a right-handed rotation of the Earth about the ~-coordinate direction

(which perturbs L in the positive ~ direction), and the vertical V componcmt  representing a left-

12



s:i[l~c:\s  tl~oseeicIl]er]  tsoftl]c  coor(iit~ate  tr:ll~s[~)Il]l:  iii(~[~  matrix in ((i). Notcthat.as  with the ‘V(J1>

paralnetels,  the Earth orientation parameters in the system of equat ions (7) arc aiso aii assumed to

tiavc the same units.

Apart from a sign (iiffcrcncc (ciuc to /~ being (icfincd here as a ]cft-handed rotation), the

dcgencratc component of the Earth’s micntatiotl  tha( is not (ictcrminabic  from single baseline VLB).

observations is related to the dcgcncratc con)lmncn[  that is not dckmninable from sir~g!e station

1,1X observations. To show this relationship, (4) and (5) can hc useci  to write the unit coordinate
.

vector b in the basc]ine length ciircction  as:

~ = cos~ cos~; -t cos~ sirilj -t sin@ i

where the angles @ and A are define.d by.
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By {7), ttic  dcgcncr:i[c  compt)ncnt  (lf (he lhir[h’~ oricnta~ion Ihal is uo( dctcrminahlr tr~.)11~  ~inf<ic

basci]rrc VI ,111 obser’vatioris earl thcrt’ft)r-c  be w’rillcn  as:

1X1) =  coso  sins  x,)([) +  C{NO cos2. y,,(l) - sind (1(1) (id)

which. bv (It) and apart from a sign (ii f’fcrcnce, 1s formally cquivalcn[  to {he cxprcssic)r~  ioi [bc

dcgcilcr~l[c  col~t~)()[lc[lto ftlle Ii2tr[l]'s  ()rlcil(atior~  ll~:\[ls  []()r(iclcrllllililblc fr()I[ls lr~glc> [2~I~~)~i!iR.

(9h.~crvd[lo[l\

“ [ ’he  ahgles  $ and A def ined  by (8) ;iild (9) spccliy  ihe latltudc  and casl l[l?ip,~tudc,,

respccll~cly,  of a vcc(or parallel to the bawllnc, hill Whose {all i~ Ioca[cd a[ the {)1 !g\i~ i)f the

terlestrlal  Icfercnce  frame ‘1’bus, in the case of single Imcllne  Vi ,111, the an~les @ and 1111 ( 10)

specify the orientation of the baseline vector, whereas in the case of single stalion l.IJR$ the angles

@l and ~i in ( lc) specify the orientation of the sta[ion’s  position vector. If the VI.]]] baseline and

the lJI.R station position vectors arc parallel, then single basellne  V1.B1 observations and single

station 1.l.R observations will have their degcllcra(.  ics in the s;ime direciion  of LJ’1’PM paramelcr

space since thcit-  incteterminablc  components result fronl rx)t:i[iorls  of the [Mb about parallel  axes.

.IK~ Lhc case of single baseline VI .111, the it~(ictcrrllll~:lt~lc  component of the Ii:irth(s orientation results

from rotations of the F,arth about the b:iseline vcc(or (whose t;ii 1 car] be considered to be ~ocated  al

the orl~ln  of the terrestrial reference frame), whereas in single station I.I.R the indeterminable

component results from rotations about the s[at ion’s position vector (whose t:ii  I ~s ioca(cd at the

origin of the terrestrial reference frame). in this sense,  the bascllnc  vector in single baseline V1.BI

plays the same role as does the station position

Globa[  Po.fiiimittg  Syslt’tn

vector in single station lJI.R.

‘l’he G]ob:ii Positioning Sys(em (GPS) has two major elements: 1 ) a space-based element

consisting of a constellation of 24 satellites, :iJId 2) a ground- b:iwxl  clement consisting of a network
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of rcCcivCrs,  ‘~’tle sat~l~itcs  art. ZI( :I[[IIUC{CS  Of 20,200  kill  in orbits  Of 1 2-t]OUl period and art’ l(~va~cci

cqui-ctistan[  froill  c:icl] o(hc[ in three {MbItai  planes each inc>llncd  at 55[’ [(~ th(’ 1;;11[}1’s  c’i~l JatoI

NdvigaliolJ  slgna]s  are broadcast by the satclllks al IV.’() l.-h;ind fnx]lwnclc.s,  ttluchy crIAh!ing  fifsl-

{11 (ICI- correct ions [0 be made for ionosphcrl(’  rci uwti(m  cft’ccts I’ilc :tound-bawt  illul!l Chdrl[!c

ICCCIWXS  dc(cct  the navig,a(m sifyals twlng  broa(k asl h) tll~)w wtcll  I[cs that a!c dmvc  {I]t il{v ~<11~<

(Up to ~i~t:  ~~L~Illi)Cr  Of ChaIlllC]S  Ill thC IWL’IVC.I ). A VaIICI~ of &X@l~SKd [Xir:lNIW.3rS ll”lL’\lfdlI”l~ {{”Ic

position of each rcceivcr, and by extension (hc ~l]-icn[a(iot!  of (he nc[wok  Of ItXCivCrS  ii:. i} V:hole.

Ci![l h dctcrmincd  try analyzing  ttlc  dCtCCIC(l  t)l’();ldCaS[  s ignals [C. g., f{()(”L {(tld J.(’pp(i  ~{1 i 99(),

f~to \f’ife. i 993; }Io{htafltl-  Wellctlll(jf,  I 993; Hcullct”  (I( ({ I., 1 ‘)96].

A number of c)rg:(rliz,;tticlrls,  including g,r(n]ps  al Ihc Astmnonlical  !nstitutc oi the LInlsc]slt}

of I)crn, the Geoclctic  Survey of Gmada, the Scripps lnslilution  of Oceanography (S10), and the

Jci l>roplllsion  I,aboraloly  cut”rcntly de(cl  ll~inc I:arth orientation paramcfcrs  i“rOII-I  GPS

measurements. Since these groups usc the. MIIN- basic set ot GPS nmsurcnwnts,  their results a[(

not COlllfk[dy  iIKiCj_)CJldCIlt  Of f21Ch OthCI  CVCn ttloll~,tl  dlCir SUbSC(lUCnt  (hit:l ditill~ ittld pIOCCMIHf?,

procedures arc different. l~or the  purpose of ~x)[~~blnll~g  [larth orientation serlcs, it is dc\lriibi~  [(~

combine only completely indcpcndenl  clclt:rltlit~:ltiol~s  of the Earth’s orientation “[’hlls,  111

~encratirt~,  SPAC7E95,  th~ec  [ltlrl-(>i’crlti~)llillg,  Gf’S Ihrth orientatiori  series we re  u sed ,  two

d e t e r m i n e d  at JPI. and onc at S10. “1’hc first JP1, GPS series chosen is dcstgnated

EOP(JPI.)  95 P 02 [liejlin et al.. 199S] an(i consists of daily determinations of polar motion

spanning June 1,, 1992 to January 27, 1995. A second  Jf)l. series, spanning January 28, 199S to

February 10, 1996 and cm~sisliI~g  of their routine international (?3PS Service for (3xxtynamics

(IGS) polar nmt[on  determinations [Xw~~bcrgc  (’I al., 1995], was Llscct to uJxtatc the flrsl series

(although the two series were treated separately in the SPACX~95  combination procedure described

below), The particular S10 GPS polar motion series used is that portim~ of EOP(S1O) 93 P 01

[Bock et al., 1993] that dots not overlap with the Jf’1. series, namely, that portion spanning

August 25, 1991 through May 31, 1992. Note that because the Kalman filter used at JP1. fm

combining Earth orientation series (see below) dots not currently rccognizc  length-of-day (?.OD)



estimate tie polar nmtion  excitation functiolls

n measurements have been descri  bcd by Brzezirrski

The particular design of (he current J1’1,

e.g., Bartl(’.$ et al., 1983] from poliir rl~ot~on

1990, i 992, 1994] and Preisig  [ 1992).

Kalman Iiarth Orientation I;ilter (KIiOI;) was

dictated to a large extent by [he nature of the Iiarth orientation series being combined, an(i in

partieul:ir by the presence of degenerate data ty})cs  (singie st:ition I.LR and single baseline VLBI

observations). l-his section describes aspects of KEOF that are (iriven by the characteristics of the

input s~)acc-gco(ietic data sets. A brief dcscrip(ion  of (1w stochastic models  employed In KEOF

in:ty be found in Morabifo el CII. [ 1988; sce also L’ubatzk.$’  et al., 1985 b]. No discussion is

presented here on the ability of KF3C)l~  to recognize atmospheric angular momentum (AAM) data,

which is used in KEOF as a proxy length-of-day measurement, since the emphasis of this report is
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on cor[)bining space-gccrdetic I larlh oricnlat ion sc] ics ‘1’hc illr~~lJjc)l<iti[~I-1  of AAM data intfl KI;O[

is ~icscribcci  h y /’rf’cdttla/l  e{ (il. [ i 994].

l’hc illc{J1-~>(JriitiC)ll  illtt> Kf;OI: of observed [iata sc[-ics that <xjnsis~ o f  ali lIIw{ { J-lPM

palanlc[crs  {PMX, PMY, (J’!’! ) is straight forwar(i ‘i’hc 3X i Illcaslll”clllcni  vfM’toI X,i, i> S(nlp!y

tillc(i  with all three crhservcd  qtlantities,  an(i the 3x3 lncasurcnlcn[  crlor covarlance  lnalr!x (;{[, 1~

filic(i with the nlcasurenlcnt  variances (the squa[e of the l[lcasulcincnl  uncerlain[les)  an(i, when

~{)r~~llat~~ns  :IW avail abje, thC [NC:IqllrCI]lCI)(  cov:~rianccs.  When tile correlations  ace n(l( available

thr ofi -Ciiagorral  cletncnts  of I he ]ncasurt:nlcnl  covariance  lnalrix arc tilled with z,cro. W hell only a

subset  of the three usu:ii IJrIIPM pal’alllCIL’lS  is available, as is the case with (he lRIS “lntcnsive”

SCL’[CS consisting of crnly IIrl’l, or with the S1 ,1-? scrlcs wherein the (J7’I values  have been

dlse:irdcd, then only that subset of the (] ’[ ’[]hq paranlctcrs  1s Llscd  to fll~ [he KC] CVW1[  e~c(l”rcn[s  of xi,,

.and (.,,l _l’he  other entries of lhc nlcasulemcn(  vcctol arr(i  covai ia(~ce IIlatrix  arc filled wft~i  ZCIO

(K[Ldi~, WIY vdLIC COLIM bC LISCd hCIC SlnCC, :1S dIscLIsscc]  be]ow.  KI;.O1 never acccsscs  ttlo~c

clemen{s of xl,] and ~ll,).

<Iolllpllcations  arise when lhc obscrvtxi  quantity IS s(IIllc [Incar colnbin:illon  of [he usual

U’I’}’M paralllctcrs.  ]n this case, the Incasur’cnlcnt  vector  and nlcawllcHlcnt  error’ Cowtriancc Illat~iX

arc. flllcd in the natural franlc of that data iypc. and then rwate(i to tllc usual [J”I’PJvY  fr:inlc. (’1’hc

(ISC of {lie word “franle” here is not meant  to (icnote a coordinate reference  franw, but is rathe~

~ncant  to denote different sets of indcpcncient,  linear con~binations  of the Earth orientation

paranlctcrs  that span the LJ”l’PM paranwtcl space, such as the VIJII and I’VI.) sets. ) in the case of

single station 1.LR observations, the observed (17’Oi  -- 7“AI values (and their uncertainties) arc first

converted to U7Ti values (and their uncertainties) by (2). Nonlinal  values for the locations of the

1.LR observing stations are used to evaluate the tlal~sf[)rll~zitiotl  nwtrix defined by (3), which is then

LIsed to transfornk the VUD paranwters and associated error cova[ iancc n~atrix back to the usual

[JTPM frarnc. ]n doing this, zeroes arc used to fill those clcmcnts  of the nlcasuretncnt  vector and

error covariancc matrix in the V~JI) frame corresJx)nding  to tile degenerate, component of the

Earth’s orientation not deternlinabJe  from 1,1.R observations taken at that single station. In the case
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of sin~,lc “hascllnc V1 ,111 obscrvatiolls,  ihc mcasuIcn KXI( VCCKOI and aSSOCMkd n]casurcmct][  cm!-

co\Iar~ancc  matrix are tilled ill the ‘1’V1) frame, with mms being uwd to fill those clcnmnts  of the

IMX~SUIL’IllCIlt  vector and error covariancc I]latrix corresponding to the degenerate comlmnent  01 the

hr[h’s oricflt:ition that is not dctcrltlinablc  fmn VI.})] obscrv:itio))s Liken  on tt);it  single baseline.

“1’hc [riiIlsfi)rII”l:itloI”l  Illiitrlx  dcf-lnui  by (?) 1s therl (’valua[cd  u>i~lg, noml[iai  VdL!CS  tor t h e  iclc;fll’{)(1.~

of the two radio telescopes dcf Inii)g the hiselinc. “!’hIs tr~it)sforilliitioil”  malrix IS the.[i  KWd 10

t~-iins(om  [he ‘1’VIJ  pararnctcrs  :ind associ:iwd  crmr co\~ariancc  in:ittlx back. tf.) the usutil  1 ‘!’!’M

fr 2iT1’K

T h e  u s e  o f ’  z.cms [0 f i l l  t h e  elcnmnts  0{ the  iIk’a\ul  L’mcnt  cIrof (:ovarlaucc  fiIa[I  i).

COIILXJX)Il(il  Il~ [0 the dcgcncratc  coinponm(  is nol n]c;in~  (0 iidicti(c (h:it the (icgc{icratc  c(mipomn~

is perfectly know I”l. in fiict, in principle, the (icgcncr:i(e component is perfectly LInknown, and

therefore of infinite v:iri:ince.  I iowcvcr, for nunlelica!  rc:isons. these clcnlcnts  of the nwasurcmcnt

CIIOJ covariance  nl:itrix n]ust be fiiic(i with son~c  vaiuc other than iufinity,  an(i zero was chosen for

this purpose. ‘l’tic fact that [hc nlcxisurenlcnt error cov:iriance  In:itrix :issoci:itcct  with clcgcncr~i(e

data types cannot bc propcriy  IcpIcscnkxl  numerically  has rqLlirc(l  tll:it KIIOI; be for[nuiateci  to (JSC

tiie infornlatlon  matrix. rather th:in the covariancc  n}atrlx.

-1“i’hc nlcasurcmcn[ iilfomlation nlatrix (;lll IS the inverse of the ?ncasurcnlcn[  error

covariancc nuitrix.  I;ienlents  of the in fornlatio[)  Ili:itl’ix  corresponding to the Ctegencr:ttc  con~ponent

arc propcriy  filled with zero, indie:iting  that tile obscrv:itions  ct)ilt:iln no in f’ornmtion  aboLit the

dcgcncratc  (iircction in LJTPM paranlcter space. ‘1’hc rncasurcnlcnt  error infornlation  matrix is

generated by inverting that sutxnatrix  of the nlcasurcnlcnt  error covariancc niatrix corrcspon(iing  to

the observed conlponcnts  (after rotating back to the natlirai  rcfercncc  fran]e for that data type, if

necessary). l’hc elenlcnts  of the infortnation  nlatrix corrcspon(iit~g to the (icgeneratc (or, in sonic

cases, discarded) con~poncnts are (now properly) set to zero. ‘i’hc resulting fuil 3x3 infornlation

nlatrix associatc(i with degenerate data types wili bc rank dcficicmt.  However, the cigcnvcctors

associatc(i  with the z,cro cigcnvaiucs  span the degenerate sLJbsp:icc  of lJTPM parameter space that

is not dctcrnlinable  fronl observations by that ciata type (or that have been purposely discarded).
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whcle H is a 3x 1 1 nlatrix which relates the elements of the state vccto~  10 [k elements of the

Incasurmenl  vcc[or.

x,,,(r) =  11 Xs(t) + u,,,(f) {12)

“wllh n,]](r) bclng a 3X I vcclot representing the nwisurcincnt noise that IS assumed to be white,

Gaussi:tn, oi mro expectation, and uncorrclatccl  with the stochastic process noise. Since ( 11 ) is

fwmulatcd III tcrlns of information nlatriccsz it is v:ilid tind cziIi be useci even in the prwscncc  of

degenerate d:ita types. The slalc covariancc matrix is updated at the nlcasur’cment  time t by

inverting the sum of the initial stak and nlcasure.mcn[  information matrices”

q(t) = [ ~c; ‘(f) + 11” C;,:O)H  1-‘ (1:3)

Snloothed  cstinlatcs  of the liarlh orientation paranlctcrs  arc obtained by r’ulining  the Kaiwin  filter

forward in tinle, backward in [inie [e.g., GCIIJ) 1974], and t:iking the vector  weighted average of

the results. ‘1’bus, the final output of the Kaln~an  filter consists of a series of smoothed,

interpolated cstinlates  of the usual lJTPM pararnctcrs  (PMX, I’MY, lJrI’1 ), their excitations, and



A  Kalnlan flltcrh;ts  a r~tlr~ll}cl{lf’l~st:fll~  pIopcr!Ics  (ha[  Inakc i[ an a[(ract]vr  chDIrc  ,1< ii

m e a n s  of combining indcpcnclc  I~[ Ilar-(tl  oricn[atiol~” (ia[a  w.(s mangcs  in [he  [kr[h’s  01’;  C(IIZIIIOI!

Ltii”!  k (“l KXkkX~  21S  klll~  fOICCd  b y  21 1’:l[KiOllll~  CXCltLXt  S((K]l:{SIIC  P1’OLTSS.  [-[3NX([LKXlt~y,  bCtW’Cc~[

SIICCCSSIVC nlf21SLl[’C1llCIl[S  Of thC i\HI[h 01’IC[l[21(ioIl  i)dl”dlllCICl”S,  (hC LIIICCItalllIV  111  [hC kfWk.d~C.  of

the ir  values  grows and rapidly  bcconlcs  lNLICh  lal”gcr [ban ttle llnccrlalnty  1[1  (he  nleiisurclllcn[s

I’hus,il  Isimporuin[ toana!yzccact]  IIicasurcll)cnl a[ ![s lllcitsllrc[llerli  c~)c~cil, Iathcrtharl +~( ,i{)lIkC

“madly’  , rcg  L112ili7.cCie  ~)ocll as isconllllon]y  (ionc ili Ilorlnai-poin[ nlctiwis of combining data sm.

Kalman filters arcaflefl’ectivc  nmansofdcaling  with irregularly s[>acc{i  [i:ttascts sl[lcc[tlcst:~te

vector ancl state covariancc nurlrix citn hc propagated to the lncasurcnlen[  epoch regardless of

whctherornot  the nlcasurcnlcnls  are Cqlli-spaccci

Duc Lo this growth  111  the  u n c e r t a i n t y  of [he  Earth  o r i e n t a t i o n  p a r a m e t e r s  betwccrl

nlcasutcnlcnts.  when intcrcomparlng  data sets ill order to evaluate  their relative iiccurtic!cs {and

hcncc 10 set the uncertainty 2LdjLIs[nlcn[  scale factors). It is imporlant  to conlparc  indcpcndcnl

nlcasurelncnts  whosccpochs  arc as close as possible tocach  other. ‘J’his ar~ucs for conlparing  an

individual datasct against aconlbination of all othe[ i[ldcpcndent [iatascts(r~it}le~-tlliifl  against sonic

otber individual series) so that thcdiffcrencein  thccpochs  of the  t~~casllretllcrlts  bcingcc~l~~pared  is

nlinirniz,  ed. Since it is unlikely that independent mcasurcnwnts  will be given at exactly the sanle

epoch, it is important that the interpolation procedure used in generating the conlbined  series

accounts for the growth in the uncertainty of the Earth orientation paranwters  between

n~easuren~cnts.  3'lle Kall~~ar~filtcr  cl()cstl~is  iilar~objccti\`  ctllanner (sccpreviolls secti(>r~).

The inlportance of accounting for interpolar ion error bet wcen rneasuren~cnts  is illustrated in

Figure 2, which shows the uncertainty in the (Jrl’1 con~ponent  of two different USNO IRIS
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“]ntcnsivc” Coltlplc[llcntary  smmthings  formed by combining all but the “]ntcnsivc”  series usd irl

fornling SPA~1395  (SCC hclou). in gene.rating the solid line ttw unccr-taintics  of the n~casu~cments

have been rcduccd  by a factor of 1(F IJrior (0 cwnd}ina(lon  in ordcc  to Iuodcl ihc Cr[or growth

tlclwccn perfectly known Illc:istlrcllle.llts, whereas the dashc[i  Iinc was generated withoui

IIl(xlification of the nlcasurctncnt  unccrtaintlcs,  Wittl  prrfcctly knowIi nlca~urclilents  [IIC LJ”! i

unccrtaln[y of the con~plcn~cntary  snmothin.g  depends only on ~hc error in lnwrpola(lng  bctwccn  the

(I Iciisurcnlcrrts,  whereas with itnpcrfcc[  nlc:isurcll]cnts, t~lc [J’1’l  Llnccr[alllty  :1[ a n y  time IS a

~w~nbination  of intcrpoliition and nlcasurcn]cn[  crr(u. “1’he rcl:itive  inqmnance  of these two sources

of (H’1 uncertainty cart be assessed by ct)l~~paring the solid and dashed lines As can bc seen, for

cx:inlp]c near M.ID 50026  and MJIJ 5003 i, tllc [J’1’1 Llncc I-t:iin[y is oftcnt)mcs  larger  than  the

dif ference  bctwccn  the two curves, irldlcating  ttiai  between rnctisurcmcnts  the  unccrtalrity  IrI the

l]’]’] conlponcrtt  of conlbinations  o f  fiarth orlcntatlon  scrlcs IS oftcntlnlcs  donlin;itcd  b}

~n~erpolation,  rather thari mcasulcmcnt, crrt)~. I’hc CK)SSCS  in I;lgulc 2 i[~dica[e  the unccr[a~nt~cs

and epochs of the [JSNO IRIS “Intensive” mc:isuren~cnts  taken during the $ciay-long  time intervai

illustrated (note that the stated uncertainties of the “lntcnsive” mcasurcmcnts  have been acfjustcci

hctc by the factor given in Table 7). The “Intcmsivc” n~c:isurcmnts iirc seen to generally occur

bc[wccu  the epochs of the mcasilrcmcnts  in the colnf)lcmcrl[ary smoothing. Thus, the “lnlcnsivc”’

nlcasuren~cnts frcquenti  y occur iit tin}cs  when lntcrpol;ition error cionlina(cs  the lJ’I’1 unccr(ainty  ([~

(he con~plenwntary  stnoothiligs. ‘1’hcreforc,  ac.c.ounting  for interpolation error, and noi just

n~casurcrncnt  error, is inlporlant  when conlbining  nlciisurcn~cnts  since this is oftentinlcs the

donlinant  source of uriccrtainty.  “1’his  is p:irticul:irly ilnportant  when evaluating the nlcasurcnlcnt

uncertainty of onc series by il~tcrcol~~p~irisol~  with other series. Kalnlan  flltcrs, by virtue  of

incorporating stochastic models of the process and nlcasurcnlcnt  noise, are particularly well suitccl

to this task.

Finally, in order to obtain the best possible colnbincd  series, the dcgrcc  of snloothing  tha?

is applied  to the rneasurcrncnts  nlust vary with both the precision and the sanlpling  interval  of the.

rncasurelnents.  As inlprovcnlcnts  have been n]ade to the nlcasurenlent  systems (in both hardware
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aIId software),  the prcc]slon  with which the n]casuwnlen[s h;ivc been m:de has drtti~la~lctil!y

lntprwvcxl,  as has thcil [Inlc rcsolu[loll.  With a Kiiinlatl  flllcr, [Ilc Cicglcc of sl-noothlrl~  appllc~i  ISCC

( I 1)1 is a function of both the pl-ecision Of the IIIL’[ISLIICIIICIItS an(i the time spaII over ~vhich [hc state

vm(ol  21nd covariance matrix must bc propagated (i.e., of (1IC time rcsolu[  ion of [he mrasurcmcnts  j

(Oi COLIISC,  the Kalman  f i l t e r  [IIO(IC1 fol ttlc growth i n  t h e  unccmin[y oi [tic i:ar[h {)ric~~~ai~ot~

l}a[iilllctels bctwmn  mc:isurctllen(s  is also lnlporlan[ In this rcg;ird  ) ‘1 ’bus,  witti  a Ka[IIWII  flltcr,  (~(t

arl~ltliiry changes ill (hr applied dcg, rcc of’ smot)ttl~n~, need tw NIadc. ‘1’he (Icgm’ [)i S[lloo[hl[lg is

~iu~ollltitlctilly  zidjus[ui  as the I)rccislc)n iilld tlll]c  1~’~{)lutlo[i c)f tllc>  II Ica\LIrcmc!I[s  chii[]ge>

llcciiusc of these h)vc corlsi~icr;itrolls.”  a K;iilli:irl  [~ltc[-biiscd  ap~)[[):ict!  lcJ cc)rllbtnlri~  i~~[; t.!,

orlel~tfi[ion  series hits been t:ikcn  at Jf]l.. IIu[ prior to conlhlning  independent cs[l[]lii[c~  tji [he

Ii:ir[h’s  orien(:ttion,  ii nurnbc~  of corrections Illus[ be :ipplied tt~ the inciividu:il  series. Iilrs[,  :I}e

series arc likely to exhibit diffcremcs In bi:is :ind rtitc due (o diffcv’cncm  in [he undcr]yillg rcfercncc

fr:imes within which they arc given. A conventional tcrrcstri:il rc.fcrcnce  fr:ime is rc~iiiz,ed  ~t~

pr:ictice by specifying the positions and secular motions  of a set of observing stations that arc

globally distribute(i  on the surface of the E:irlh. When Cieriving  tile Ihirth orientation series, the

Ioc:itiol]s and velocities of the observing sites nlust be specified, :ind :ir-c, in f:ict,  USLEdly estimated

sill[ultancously  with the (J’I’PM parameters. ‘1’bus, In principle, each solil[ion  for {bc I:zirth

orientation paranlcters  is g,ivcn  within its own r-efcrcncc  fralnc, Cl)nstraints  arc typiczilly  :i~~pl~cd

during [k data reduction proecciure itl order to place :i given solution within a particular reference

fran~e, but different constraints zirc crnploycd  by ttic  v~trious an:i]ysis  centers leading  to cliffclcnccs

in the underlying reference franlcs, anti hence to differences in the bi:is and rate of the determined

Earth orientation selies. Also, the observirig  stations of the various tcchniq~tes are locatccl  on

different subsets of the set of nlobilc,  deforn~ablc tectonic plates. A nloclc] of the plate nlotions  is

tisually clliploycd  when reducing liarth orientation observations, but discrepancies bctwccn  (he

plate nlodcl anti the true tectonic nlotions  of the stations as evidenced by their adjusted velocities

can lead to differences in the rates of the Ihirth orientation series, especially when the observing

stations are located on different subsets of the plates. Thus, Earth orientation series derived by
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Wilil caci] (iata set in(iica(c  (ilc intcrnai

[io not ncccssariiy  rc’fiect tile  accuracy

i>rccision  witil wi}ictl  tile  observations ilavc beeti  nut[ic, bLIt

of Iilosr otJscl\’ations. An cstilllatc  of (he rciativc accutacy

i>i- (IIC diffctcnt (iata sets Can i>c obtainc~i  tillollgtl (ilcir ill(clcotlli]~illso[l.”  (Of’ c o u r s e ,  {he trUC

dC(:L1rNy  of tile diita se[s Can[iol  im obtainc~i ttllollgil  i[ltelcotlli):lriscl(-l  s~u(ilc~  CiLIc to the pcsslb!c

~)lc\cIlcc;(  )fsystelll:{ticc  rr(Jrsc ()llllll(J[lt  (l:iiit ile(i:\t;isc(s. ) illtile:ibscncc  ofzi!lriorik  Il(J\lleclge

ahour the rciative  accuracy of lilt (ii ffclcnt (iata sets, al the beginning [)f [hr illtcr(()~ll~l:irisor~

plocesst  ileysilc)lli(ii iii bc trcatcci as tilOLl~il  tiwy  ;ii”t’ potCntlaiiy  C(iLl:iiiy  a c c u r a t e ,  but, of colllse.,

not e(]llaiiy  prcclsc.

in gcner:iting  SPACUIY)5, no mfcrcncx  sel ICS has been usd for the  ilurposc  of dctcr[nining

lil( b~as  :tn(i r:ite  corrcctioi)s  that must bc appiitxi I() e.acil SCIICS II) or(ier  for thel]l to bc c o n s i s t e n t

witi]  caci~ othe[  (in ili:is  anti rate) prior  to tl]cit c{)Inbination.  I;irsl,  none of tllc inctivi[iuai  ser ies

iistcd in Tabic I arc ai~propriatc choices for a rcfcrcnce.  series since none ilavc  (he rc~iuisite  tinle

rcsoiution,  si>an a great enougil  tinle intervai,  anci/or  consist of the fuii set of Ikirth orientation

par”anieters.  Aiso, any avaiiabic  Conlbincci  I!krti~ orientation series is a (iubious  cl~olce for’ a

refe1t311CC  StXleS Si[lCC  It may contain SpLlllOLIS  val ialions  (ille  [0 inadeqUaCICS  Of tilC conlbination

tccimique,  thereby  affecting the cicsired bias-rate COI lcctions, I;inaliy, a denloclatic  (rcatn~cnt of the

individual data sets preciudcs  the use of a reference series. Inherent in the LISC of a reference series

is ti]c hciief that tile particular series chosen as the refcrencc nmrc accurately represents the true

orientation of the Eartil than do any of the othcl iivaiiable series. Since, as ciiscusstxi  above, the

iruc accuracy of any observe(i  series cannot be known, the (iccision about wi~ich  series to use as a

refcrcncc is, to son)e extent, a subjective one. in generating SPA(1395,  care has been taken to
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makc (hc prmws t-w as f’rcc as possible froll] tlw need {o nlakc such sut~twtivc  dcclslons,  md.

Ihcrcforc. no Icfcrcnce series has twc[l used Ralbcl, ior the purpose of dc[cyll)irllng  the bias -ra[c

coIIw[~oIIs,  each da(a SC( has beet) ilcr;llivcly  coIIIpdrcd to ;i con)hiiiatlon  of all other da[a W{S

'l`tl~ls,  Llll(liiiii  scLs:ire lrciitc(i c(lllillly.  \~'itil  llt}slllllcctlvu  [lccls~()~~  t}cillg~1laclc  ab<nl!  tr]cl~-p~csullri~

:ICC1ll  ii~.ics.

I;C)I SI’A(~l!95, tl]c bias--ra[c  c o r r e c t i o n s  h:~vC  bCCI] dc(c[~]~[I]c(!  by a[i i{crative \cl~cuic

\\Jhel~:lrl, (]~lr~r~g a g,l\,c[l I~L’Ia(IOII,  C:IC(]  IIl(~lVl[iL12t~  sC1lCS  IS Colllpa[L’d [() d Coll]bl[la[[()[)  ()( ai~ t)(t(C~

\cI”lc\  ([111$  COnlblna[lon  01 ali Ottlcl  Sc. r’lc. s IS hr. rc,ai(cl  called  tilt’  co!ll~)le lilc.ll[ ills Vlmtt]l[lg  fo!  [(],1:

particular individual series). ldcally,  in order to IIlinilllize  in[cr[m[ation  error wfllcr~  subsc(~LIcI~[i\

(oj[]ll,]p [I](. ~(;sidlla]  sc~ics  (sCc  ~)c]~~$t),  tt]~ COIl)l)]cI[~Cll[C\l}~  sl]~()(>t~ll[]g  silo~l]d hc pI-()[i L(c(~(l bV d

KailIIalI  I’ll[ct t h a t  irl[cr~]()latcs  t{);irl(i ~lrillIs i(scsll[ll:itcs:l[  (tlccx:tct  l]lcasllrclllc[ll c~l(>cils{~i  ihc

corresponding in(iivi(iwti  series. II(Jwc\cr,  cil\ct<\s  (l[l\\’;Irc iilllitiitiotls,l  illsi Cic:tlc  z~scisctlrrc~~~ly

approxinlatcd  by using the Kain Ein iiitcr’ to ilro(iucc  a rc~ukir  snmothing  witil ou[put printed at onc-

day illtCIV~iS  anti tilcn iillear]y’  intcrimialing tile Outi)ut vaiucs and covariancc  nlalrices to tile exact

rmasurcmcmt  c~>C)clls  oft ilec  C)r[.cs~)[)I)ciiI~g  inctivi(iual  ser ies .

W~ti~ill  cLicilitc[;ltlorl,c  achscrics  isanalym(i  Inparailcl  witiltilcz itlalyscsc  )fcitci]oi”tt~c

otilcr  scrlcs  (i. e., [i]c orcicI  in which  e a c h  s e r i e s  i s  aI)aly7,cct  IS conli)]ctc]y  lIllIl)atcrial  in [Ills

proccciure).  }Iaif ti~c incrcmcn(ai  bi:is-rate corrcctiol)s  (ictcr[nine(i  during a p,ivc.n  i teration :irc

applied  to the series an(i the process repeated untii ct)uvcrgcnce  is attaincci, convergence bei~lg

imiicated by the incrcnlcntai  bias-rate corrections :ti)i)loiiCili[  lgz,er~. The reason for applying miy

haif  the bias-rate corrections dctcrtnincci during any iteration can bc understood by considering the

application of this procedure to just two series, lfibcicd  A and B. By following this procaiurc,

bias-rate corrections woLIki be determined (hat rnakc tile bias and rate of series A agree with that of

B, and vice versa. Upon appiying  the fuli corrections tilus cictcrnlincd,  the corrected series A

would have tile bias and rate of the originai  series 13, arl(i ti~c corrected series 1? woLIid have {hc

bias and rate of the originai  series A. ‘1’bus, the bias-rate  (difference between series A and 13 after

correction would be the san~e siz,c as that before conection. This non-converging situation can be
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;ivoidcd  if only half’ ttll~ Cf~l”r~:cLions  [Ilal were d~’lcrlnincd  iirc actually applied to CKti  scr]c,~ ill this

case,  the concc[cd  series will Ihcn agree with each {Jttlcl In bias a[id late.

l’hc bias-rate cfmcctions  arc dctcrminc(i  by a weighted lcasl squares fit of’ a biiis  iind rale {o

each individual Iiar[tl  oricn[a(ion cx)mponcnl  of ltlr residual series, wi(h the wci~h(s  bclns haseci

u~mrl Itm unccrlalntlcs  01 the rcslduals,  and wlltl itil’ residual sclie<  helng analymd in Ilm nalu[ii:

i;artb orientatiorl  rcfercncc frame of (he Individual  scrlcs. ‘ [ ’11( ’  Rsiduai  Scl’lcs !s L’ornlc(i  by

dilfcrcncing  the given individuzi]  series with :ic~)l]~i~~l~~it)(>l~  of all other series (t}lc cc~ll]lllc~l)cill:try

Snloothlll:,)  after both the individua] and colnbinc(i  <cries have bcctl  [1’alislor’[llc(i (i[ neci’s\;lrv~ [(M

Ibe na[ulal I;arlh o[icnta(ion  rcfc’m’ncc !“ramc  i)i tile indi~riduai  Srllcs (ttliil  is, tile diilercncc ts

foInm~  if] [hc naturai  rcfc~cuce  iIaIIIc  of tt)r  ITICiIVRdUal  scIIc:sj. Slllcc  [hr colll~)ic[l’(cll[  cir)”

smm)thingl  is inclcpcndcnt  of  the  individual  \cric\,  the  covariall~c  matIlces  a s s o c i a t e d  witli  (hc

residual vaiucs arc formed by <inlpiy  sunlnllng  tht’ ~’(]valiancc  Inalrl(x’s  0! thr ]ndlviduai scr(c< With

thoseof  tllecc)tl1131cIllc111ary  snloothlng,  :If(crtllccovtirliirlcc  Inatrlccs  have aisobccn  transt’{)[nlcci

(if~lcccss:tly)  ~otllCnatllr:ll  rcfcreflcc  fr:llllc oftllcil-]cii  \ri(lll:iiscrics. Sinccthc  bias-rate corrections

a r c  dctcIrkli Ilcd s e p a r a t e l y  for cacll Conlponcl)[, only  t h e  di:igonai  clcmcnts  o f  t h e  rcsidua[

covarianm  lllatriccs corI”csporl(Iitlg  [()(tl:lt componc[lt bcingccmcc[cd  arc used in the wcigil[ed  icast

squafes  fi[. ‘1’his si[~giccoll~[>c~l~cr~t  (ors]ngic  variate) :ipproacb  to anaiyz,ing the rcsiduai .sc.rics

results from current software lilnitations  that preclude the use of a Inultivariate  approach. I:u[u[c

software upgrades wiii aiiow ttlc usc of a nlultit’alititc  approach in which ali components of tttc

rcsiduai  scrkcs arc anai yzcd in unison, thereby al iowing  corrciat  ions bet wcc~l  conlponcnts  ([} be

taken  into account in the analysis.

Along with dctcrtnining  bias- ra(c corrccti~ms,  the stated uncertainties of each series arc also

adjusted during the iterative proccci(ire  by dctcr[l~itling  a scale factor which when applied [O those

uncertainties makes the resiclu:i]  of (hat series, upon diffcrcncing  it with a combination of ali other

series, have a reduced chi-square of one. Note ihat by rncans of the Kaltnan f’iitcr’s  stochastic

nlodcl  of the Ijarth rotation process, the Kalman fil(cr’s cstinlate  of the covariancc matrix of the

complc[l lent aly smoothing at each epoch accounts for the intcrpo]at  ion error at that epoch clue (0 the
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stochastic character of the fjar[h rotation process O f  CX)IIISC. the rovariancf  Nlalrlx of the

COIllp]C!llCI”lt  211~ SllK)othl  I)~ :1]S0  dCpCIKiS  UP()!)  ttlC !llCtlSll  I”L’lll(;  [l[ UOCCI”[:llII(l  CS {)1 [tic’ SCIIL>< ~C((\~

con) blncd  in the (:OIIl~)lc[I]ct~t:ily  snmo(tl~ng. ‘I’t]ll\, (}]{. ~(>\~\]i  2\l\cclll:\lliXoi  [IIC [CSl(\ll~il,~>CiIl~[!lC

SL}Ill  ()~ [hC C()\72t~i2111CC’  Il):i[IIcCS  Of thC 111(111’  ldll:l] SC IICS ii!l(~  ![\ ColllJl~ClllCIl[;iI-~  SIlloO[tllilg.  ii~~’otill(>

101 ([m  Lincetlainty  o f  Ihe intcrpola[io[l  as WCII d~ Itlc ~l-l~’:i~Ll(cll~c[lt uncm(alnttcs  I)i dll tt~t ~~d:il

\eIles “1’he purj)osc  o f  dd;lIS(lrl~ ttlc’ slated  ullcc~’r;llllllcs {)f (lIC’ {)[)scrvatlons Is (.(1 lllakc {ilt!i!

.~’onslstcnr  wltb the sc’a[tc[  III [he I-e SId LIal scrms.  5u(.tl  coii<lmn(  est ImaW  for [he uncer[a~n[~c:>  i.d

(hc Obscr’ved  valllcs arc inlporlant  bccallsc the Kalfllan fi]lcl”  U S C’S the llnccr[ainly  Cstll)la{cs  as

W’cigh(s  when combining the ot)scrvatio  Ils” u’itlt lt]c initial sta[c  cslirllate  [see ( 1 1 ) ~.

S i n c e  t h e  unccrlaintics  are  bcln~  a(ljuste(i  a]ollg  w i t h  [he bias  an[i ra[c  of I})c  Se I
-
I t S , and

si[lcc [hc bias-rate corrections arc Cictcrn]inc(i  t)y a wclghted  least sqLlares tlt with the wclghts  ‘bc!ng

dcpcndcm  LlpCHl  the Vai  UCS of the :icljustcd  llIICC!’{:ll[ltl  C\, lt 1s Important  that dllrlng  Cach I[cratton [}K’

UDCCrtalIlly  scaie  fdctol”s mci  bias-r~itc  COI”l”CCtlOI)S  a r c  (ictcrnlincxi  SiIIILl]tilllcC)  Llsiy. ‘1’hc  Llnccmin[y

sca]c fttc[or is cictcrminccf scparatc]y  for c~ch con)Jmlcnt  by anaiy~,ing  the scat(cr  in the flt of’ a bias

anti rate to that conlponcnt  of ttw rcsiclual scrlc.s, with ttlc residual series being formed  zind  the t)las -

ra[e f]t being computcci  as dcscrihc(i  above. Oncc that value  for the uncertainty scaic factor l~<is

bccr~foLIKlci wI]lcfl  ll[)orl 2i~)~)iic:\tl() llic:i(ls l()2)\':iltle  () f()l]e f()J`t}lc  tCClllCC~l  Clli-S(jLiiiIc'  ir~ttlesc:il[CI-

about  (he fit fo~ fi bias and rate tolhc residual scrlcs, lhcn half those particular vatucs forthe  131as

and rate arc taken as the cicsirc(i  bias-rate colrcctions  ttlat  are to bc aJ>plicci  to the iiicfividuai  series,

and tha[ vai LIc for the unccnalnty  scale facto~ is takcil  as the dcslrcci scaic factor to bc applied to the,

uncertainties.

During the iterative proccdurc  for the cictcrn~ination  of bias-rate corrections and unccllainty

scale factors, inciiviciuai  ciata points arc ciclctc(i  R’hose residual vaiucs arc greater than three tinles

their adjusted uncertainties (the rcsiciua]  vaiucs  being obtaincci  fro[n the ciiffercnce  of that data set

with its con~plcnlcntary  snloottling).  Since the unccrtttintics  arc being acijustcci  during the. iterative

procedure, a sufficient nLln]ber  of iterations must fil st bc conlpletccl  in orclcr to cortvergc upon

slablc  values for the adjusted uncer(aintics  (convergence, here! being inciicatc(i  by the incrctnenta]
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‘U SNOscries  which wcletreated  scpatatciyas

effect of the soli(i Iiarlh an(i ocean ti~ics on the

of IIerrillg  [ 1993; also see Ilerrirtg  a}ld l)oIIg,

and senli-diurnal  ocean ti(ies from those (J’1’l

vaiues, namely, the A’OAA IRIS “]ntcnsivc”  series. ‘1’ilc nlocic] of Yoder  et al. [ i 98 i ] was use(i to

renlove the effect on (J-i’1 of the soiid Earth tides between the iunar nodal ( 18.6 yr) and fortnig,htly

pcriocts, with the nlocicl  of ljicktll[ltz  [ 1993] being used to rcrnovc the effect on [J’I’1 of the MJ

kf~, Mni,  and Ssa ocean ticies  in tl~is iong-pcrir)ci  ti~iai  ban{i Since the Yoder C( al. [ 198 I ] n]ocicl

already inc~udes  a contribution fro]ll the cquilibr-iulll  ocean tides, just the vaiucs given in ‘1’able  2

for the Dicktmw [ 1993] oceanic tidai corrections to the Yoder ef al. [ 1981] model  were  actually
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employed whcri removing IIlr cflw[  on (J’1’ I 01 tlIc long-pcrio(l  solid Iitr(h au(l ocean t~dci  ‘i’i~t

[n some cases. such w for the IILIIL4LI In[crnation;ll  de 1’1 lcurc (Bit I) op[lcal  as[romc!ric

series useci in generating CO MB94 (Gross. 1996al, the observations sp;in a large enough traction

U1’ I observations. ~’hc a(tcnuatlon  fdc[or th:u shollld be applicci  (0 the anlplitudc  of c;tch of the

tidal tern~s  is a func[iori  of the ticlal  frequency as well :is of the length of the observation window

[e. g., Guirzot,  1970]. (“onsidcr  a ticl:llly-l~)(iLlcc(i  CJ”I’1  sigrlal  of amplitwle  A, frequency  q,, ant!

phisc’ a

Observations of duration 7’ ccntcrcd at epoch to effectively :ivciage  this signal by:

J
1(,+ m

Acos(qf  -- (z) cif
(,; m

< u(t) > = —

J

{(it m
d!

1,; 1 ‘n

si’(+m-. ———— Acos((o,,lo--- cd
I (15)
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WI ICILL Ihe angular brackets  <> dcnotr the i)vcraging  opcral  Iof I, ‘{ ’1111s, the anlpjit~l(ic at[cnuat]ol,

(aLLiJ: to bc appllcd  is slrl((O,,’1~)/(((j,,7T2  )

AitcI rcIIroval  of’ leap sccon(is aII(i [i(iai  [crms (hot}] soii(i i!arih aIICi oceanic J frou I tk [!”1’ \

(Jbscrva(ions, bias-rate, corrections” anti ul)cc’rlainly  staid  factors  wc>rc  (ie[cr[ninc(i  iol c’<1(’t~  W(ICS  b}

itw i[erative  proccCiLm  (icscrihc(i  in (he  I)rcviotls  scctioI~ Ill [Ill  attc’Ill])t  [(> l’t’(i LICt’ {[)C l’cqulr  (’(’i

?Iu[llbcl  of I[cratlons,  initial Vaillcs  for [[K’ b i a s - ! ” a l u  CO II’CUII()[lS (bll[ 1101 !0[”  liw u[lcc[”ta{Il[\  W’A{L’

factors~ WCIC ob(ained  b y  t h e  USC,  ofi) IL-’fCrCIICC  s e r i e s  S1’Acll~M  ~c~)OY.s,  1W5,  iW)(ia] ,Nrl}

ill(’{’)I]slstcIIC lt:s intrO(illCCd  t)y Llsc of a lt’fcrcn(:c’  s e r i e s  foi”  ([)1s inilial bias -r;ilc COI”lcclio  I~” ShoLll(j  be

Cll[iilli;i[c(i (illli?lg  the SUbSC(~liCIli  i(cl:i[lvr proc’cdili’c Tile Initial  bias-[ak  corwcl~w]s  Imxki [0

dilf,[~ e.act~ series with Ihc. ;ci-erc. nw seric~ drc glvcrl  ]n “1’abi( 3 “~’hC LII]CCl”[allltlCS  of [}lCSC {!iltl~~f

bias-r:i(e  correct ions  (g iven in  p;ircn(lleses  in ‘i’tibic 3) are  the  10 stan(i:ir(i  errors  III tt)cir

d~tcr[nl[]:it  lo~i. No bias-rate co[-rtxt ions arc  iistc(i in ‘1’able 3 for t how ~~artti  oricn(atlo!l  imr~in~ctc.~  \

(hat  wclc clthcr  discarded (such as lhc (1’I’CISR S1.R tl”l’1 val LIcs) or not av:iilabic  (such as Lhe

I)MX and PMY vaiLlcsof’the.NOAA IRIS “Intensive” series). Aiso, I]ora[cc c)I{ccti[)I~s:lr  cg]vel~

in ‘1’able 3 for those series (sucl] as the SGI>/CI)I’  Westforci-  Moj:ive singie baseline V1.BI series)

sp:inni[!g sLlciI ashorl  tinw intc.rval  that rcliabie rate colrcctiotlscolll(i”  not be de[erfnined  for thcln,

Afler initi:ii bias-r:ite :ilignrnc[ll, fin:il  val LIcs fol ti~c bias- rli[c corrections  a[i(i ~irlccriain[y

scale factors were dctcrinincd  by [he ilcr:itivc  pmccdLIrc (icscrlbc(i  in the previous section I)ur(ng

t[lis iterative [lrc)cedllrc, cact~(iataty~>e  was iinatyz,cd  an(i coIlcctic)tlsC tclcrrllirlc(l  in ~tiown  naturai

reference fr:ime. For singic  station 1,1. [< observatioris  this is the V[JD frame {iefincct  by the

Ioc:ition 01 that pallicul;ir  station at which the ohserviitions  arc nude,  iinci for siilgle baseline VI ,131

observations it is the TVI) franlc defined by the oricnt:i[ion of that particular basciinc  over which

the observations are Inadc. At each stage in this itcr;itive pr-occciurc, every rcslciual  series was

v~sLiaily  exainincd  in order to check fol the possib]c prcsclicc of systcnlatic  errors or pioblenls  with

the pl-occ(iure  (none were fotind).  Olitiying  data poii~ls  (those w}iosc rcsiduai  val Lies are greatc~-

than three tin)es their a(ijustcd unccr[aintics)  WCIC rcjccte(i  [iuring tliis process, but not Lintil  fOLlr

iterations had been conlplcted  in order to convcrgc  lipon initial cstin~atcs for the uncertainty scaie
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t-actors A fLlr(hCl five Itcr;it ions were required [O c<)nk’e!  gC OH f“~n:il bias-rate corrwt[on~ and

LlnctIrui[nty  scale factors.  l) Llring, (hc final itcratioll,  no data poln(s  had rcsidud values gIea~c I thdr:

th~cc tinles thei[ adiustcd unccrlaintl~.  s,, (!IC \’alucs  for all (Iw inclclllcnlal  buls-riitc  c{)lrccti[)n~  wcjt:

less [hall (Ilestzirl(l:ilcle  rlorsi[lttlcll CIctclllllllii[  io[l,:lll(lttlc  irlclclllcntal  stall i“:tclols(ll,;rig~{l  iii<

unccrt;  ilnlics by IllUCll  ICSS (h;ill  1 [7{. ‘1’tlC pl’odUCt of :111 tk uncmainty SCalL’ laUt(lI”S (ictcrllli!lr(~  i{lld

applied during the ilcrdtivc proccdu Ie, along  Wl(h ttlc’ Slllll  [)i” all tile  t)iaS-I”i\t  C Corlc(’ti[)fls  a~)oilcd

(lIiIlf  those dc[cr[nitled),  arc shown in ‘1’able 4. ‘!’hc Llnc”erlilillties  given ill parentheses i~l “!’ahlc  4

wc lhc !0 standard errors in (he (Ii:t(;[llli[lti[io[l  of {hc bias-rate co~tcctions  [i~lrinp, I.hc last iterat~on

A [otai  012. S3 data points (including the discarded (JSNO and (;l)S ciata points---see bclowf). or

abo LIt 2% i)f the a~’ailab]c  data points, were considered to bc oLltlict-s  and lhcrcfotc  discarded dur[tlp

dm proccdu~c  t(jclctcr[l~incbi:is-l:ltc corrcct][ms and unccr(aIn(y scale facl(ws.

l;O1 the ~)uqx)sc  of ctctcr[ninlllg  hiss-rale corltxt{ons  illld  Ll[lcertaillty  scale factors. ltlt [1 <R

stations at McI)onalcf  Obscrvatt)ry  were clLlstc.red, so Lh:t[  a cOII1II1OII  biiis-rzitC  correction ar]d

u[mmainty  scale factor was dckrnl]nml  for all the McIhnald  1,1,1-?  scrim. l’his was dmw so tha[ a

rate dclcrfllination  coLIlci be m:idc f{)l them. ‘I’l KI”c  is ~lot cnoLiglI  overlap between any inrtivid  L}al

Mcl Mnalci 1,1.R scrlcs and the o(tmi, indcpcndcnt  series for a rt’liable ra(c determination to be

[~]adc.  But by clustering the Mc[)onald  1,1.R stations, there IS then enough overlap th:it  a commoII

rate can bc determined for all the McI)onald  l.I. R series. Similarly, the individual l)SN radio

lc]cscopcs  ill (; LtlifOrnia  were Clllstctcd, as wcl”c those ill S[)iil[l, and, SCparatC]y,  1[1 ALlstr:i!ia,  so

that a common bias-rate correction and Llnccrtainty scale factor was determined for all the

(klifortlia-spain  SCrleS, as WCII as for all the ~alifortli:l-ALls[ rali:t  series.

Neithcl [JSNC)scries w':tsi[~clltded  irlttlc iterative ~Jroccdurc for bitls-ratc correcti(~1~arld

utlcetlainty  scale factor determination since there is not enough overlap bclwcen their independent

portions and the other series for reliable detcrnlinations  of these corrections to bc tnadc (see Table

1). Instead, the bias-rate corrections and uncertainty scale fiictors for the two lJSNO series were

dctertnined  by individually con~paring  thenl  to two different reference sc.ries fornwd by two

different special co:nbinations  of the other corrected series. in forn~ing  these reference series, the
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Gt’S scrlcs were not IIICIUCICXI IN either of tbcn~ (see below). dnci In {wcicr for each rcfelcncc  scr{cs

{{~  be e.<)mpic(el~  in(icpcn(ien[ t)f its rcspcct{vc (JSNO series. {Jnly [i]ose p(~rtlons  of (i]c s(;III’[:I)iI

mLll(ibascline  and NOAA lf<IS “ln(emsive”  wrirs (ilal  (iici nol overlap in time with its ~~>spcc[itrr

IJSNO ser ies  WCIC  SCICCtCCi  an~i  includv(i.  ‘i’i~a{  is, ()[]IY tl)ii[ portion” of [k SGP/[~111’  (~]liitit);i~t~~[[~c

WIICS before .l:inuary  1, 1988 WJa\ ~cle.clcd  ar],{ irl~ludcd (aloIIg, witil ti)c cnti[t  NOAA IR. !S

“l[]knsivc”  series) In the rc!elclicc.  fc]icst  lse(il~~:l(!j~lst  [k (J SN[(.)lll~lltil-12~ Sri IIIC scrlci; ,L(lL!oli!y

ti)i~t  portlo~}  {)~”t}~c NOAA IRIS “ll)[Ci~~]vt>” icf-tes bcfc)rc I>cccnlilc]  .2i, i9°3 was Sclt.il(xl  A(id

iI]clucied (ai(}[lg,  W’itil  tile Cn(irc S(; l)/(’l)l) [Ilul(iixliclitlc  sclies) in the rcfcrcmx scrie~ ustkj u; .iLijus[

the l}SNf) 11<1S “lntcnsivc”  series. (ln orcier lo bf iible  [Cliielcnlline  Icll:ibic  rate cor~~’c[tons  for

ti}cl)SNol  llllltii>:lsciitlcsc  lies, :lilc)f its (iiitii  I~oir}Is:  if[ctJ; ll~ll:i(y  1. i~88WCI’CUStXi.  WCI\thOU#l

only  ti)osc after IIcccnlbcr 29, 1994 ultima~cly get incorporated Into SPA(;1195. S[tmiaily, In

dc[eru~~ni[lg  tile  b ias- ra te  correction for tile  USN() IRIS “lnlcnslve<’ series, ail 01 IIS val Lies

(beginning lhxwnlbcr 21, l~!)~) WCIC L ]  S C ( i ,  CVCll  thlfjl OIliy  til(ISC :iftCr j~[lll:lr~ ~, i~~s

Llltimatc]y  get incorporated into SPAC:E95. )

‘1’illls,  tile  two ctiffcrcnt rcfcrcncc  scrit’s used to cictcrmine  tile bias-rate Corrections  and

unccr(ain[y  scale Pac(ors of the two LJSNO scI-ies  were formed by comb~ning  tile  rcspcctlvc

huncatecl  SGf]/[;I)f} t~~llltib:lscli  rlcor NC)AA IRIS “lntcnsive”  scricswiti~al] tilcott~crsc{-lc>([)llt

not lilt (;l]S series) after the bi:is-ra(c  cc}rrcc!ic)[ls  and unccrminty  scale factors ctctermine.d  above

foi :iiitile  (Jtklel-  scrics(rl`ablcs  3:~tl(! 4)ilaci t~cc.tl:  \~)l~lic{lt  (~(i~e1~~ I)uring tile conq)arisoli  for 13ias-

ra(e. corlectlon and uncertainty scale factor dctcrlnin:ition, outlying data points (those wilosc

rcsldual  vaiucs were greater than three tinlcs thclra(ijusted  uncertainties) were aiso discarded.

‘1’able 5 g]ves the bias-rate corrections an(i unccrt:iin(y sc:ilc factors thils (ictcrmined for the IJSNO

series. ‘l’he vaiucs given in paren(hcses  :iretiic 10 standard errors in tilc(ieter[l~itlatio[l  of these

correct ion<,

‘1’hc (;1’S series were sin~ilarly  no[ lacllideci  in the above iterative procedure for bias-rate

correct ion and unccrlaitit  y scak  f~ctor  determin:ition.  Rather, bias-rate ml I cctions  and uncer[aint  y

scale f“ctors for the (;l)S series were determined I>y con~paring  (hcm  to conlbitlatiotls  of all the



o(lIcr m ICC(U! series, Including the LJSNO SCIKS. “[’he bias-rm comxtions  and uI~cer6aIrI:j  walt

faf!o~s dc.krmimd  [01 all the other scrIcs (1’:iblcs 7-4. iiIId ‘i at)lc 5 for tlm llSNCJ scl ~r~ I WC(C

appllcd,  Itlc corlcctcd  series coIHb Inccl,  and the rcsul[ usd as d rcfcrcncc  ag, airls! which {M (;1’S

scrlcs were compad  for (Ilc purpose of dc(crl)lllli[lg their bias-ra[c corrections and uncc~!,;~lnt}

\c”;il C” fac[ots N O ratccorrc(:(ions  were’ deltir[]]inc(i  forthc Scripps and .111. ](;S Ai]aiy:,:~  (;I)S

series since their overlap with thco[tlcr,  L> OrIccIcd series w;Is I1O[ gIcat enough [() allow Icliabjc r,itc,

crrl-lcc?ions  to bc ctclcrtnincd.  I’:iblc 5 gives (hc I)ias-ra[c cofrcc[ions  and unccr[a Inty sc:iic l’;ic[o Is

th~ls  dc[crnlincd for the Gf)S series. ‘1’hc valu~’sg,  ivcn ill parcnlhcscs  arc the lostil[l(iit[(ier~ors  i[i

1[]{s  ti(’tcrlllitl:iti(~ll  of (hcsc corrccli(~lls.

The final stci~ takc~l prior t o  gcneratinx SI’A(’I;95 w’a~ [o place (he corrccux  I-. arth

Or~cnuition  series wilhin a par(iculal II;RS rcfcrtmcc (riinw ‘1’llis  wasdoncby  ii{>i>lylrlg  l(~[!l(:.~l~ar~

additio[ia! bias-rate correction that is conltn(}n [o all of’ [hcn~ ‘1’tlis~{{idi[i(~r~a!  ci}ll)w~on  corlt-ctiori

was dc[crtnined  by conlbinlng  all the scrie.s, ai’tc[ App] ylng to theln the corlcct)ons  that have been

previously ctcte.rn~incct  for thcnl  (’1’~ib]cs 3- 5). ‘1’tlis conlbination  was then compared  to the IliRS

cmnbination  designatect I; OP(lllRS) C 04 [//;//,S.  1 995] (iuring (t]c interval 1984--1995 ir( crrde~ to

obtain the bi:is-r;itc  corrections t}uit Inak it, and tmm c:ich of the comctcd  individual series, have

the sanlc overall bias and r:itc as the IliRS scrlcs during 1984--1995. ‘[’he bi:is-r:itc  corrcc[lons thus

ctctcrnlined  are shown in Table  6, with the 10 s~andard  errors in their dctcrnlination given in

parcnthcscs

At this point, all the necessary corrections LO all the series have been detcrnlincd.  It now

rcnmins  10 apply these corrections and conlhinc  ttlc  corlcctcd  sclics into SPAC’1Z95.  q’able 1 gives

the mual nunlbcr  cjf data points and their span in time for each series tha~ was used in generating

SPA~F,95. Table 7 gives the corrections made to each of the r;iw series listed in I’able I prior [o

thcit conlbination,  with the bias-rate cntt-ies in ‘1’able 7 being t hc sunl of the bi:is-rate entr ics in

Tables 3-6. Note that the sanlc IERS rate COI rcc(ion is appliccl  to all of the series, including those

(such as the Scripps and JP1. IGS Analysis GI)S series) for which no relative rate correction coLIld

be ctctennined.  “1’bus, the rate correction given in 1 ‘able 7 for those series for which no relative rate
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S(JMMARY

?n this report, an approach currently used ii[ J[’1, (o conlbinc  Ikth orien[atlorr  series has

been presented. Many of (he conlp]ications  that arise under  this approach arc due (o the presence

of degenerate data types, and to the desire for the process to be as free as possible fronl the need to

n~akc any subjective decisions. in the absence of cicgencrate  data types, a more conventional

Kalnmn filter based upon the s(:itc and n~ctisurenlcnt  covariancc [natriccs, rathc~  tharl  the

infornlation  nlatriccs,  could have been dcvc]opcd  and used. l{owever, the degenerate data types
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?;l(;(JR[l C’AI>”!’lONS

!;{p. 1. IIluslration  of (hc definition of (hc b:iscllllc  lransvclw <$ vcr(Ical i’, Icng,tll  b Coordlil<i{c

[cfcrcncc frame. ‘1’hc p[)sitio[ls  within S[)I)K [ota(t[l~,  h[xiv-flxd  LwIivcnt  IotIal tcrrcstl  la] rctr[c[Kc

fmme of the VI .B1 observing tclcscopcs  (thal ,tr( !t~ca{(xi  a~ ci~hcr  c~l(f 01 the baseline! aft glvc{~ b)

the po.slllon Vectors r~ iin[i  rz.

F’lp,  2 !Ilustratlon  o f  [l’!’l errol glt)wtti IXIWCWII l]wasulc{[w[ils irl [WC) dlffcIttn! [J SN(I i’Ri S

“lYltcIlslvc” C()[ll]}ic Illc[l I:it’y Sllloo[hlllgs “]’hc’ W)ll(i ilnc  W’as  gcllcaa  [ccl h} lcctllui Il~’ :iic

nwiisurcmcnl  u n c e r t a i n t i e s  by a fac(or  of 1(14  prio!  [() co In blna Iio I]” In o r d e r 10 (Ilodt’1  111(  crlc)I

growth  bclwccn  perfect mcxlsurc.Inenls;  the clashed !inv was gcncrakxi  wlthou~ I]lodiflca[ior]  0( (hc

wmsulcincn[ uncertalntlcs.  l’hc crosses Indica[c  (hc epochs and atljustcct  (“by the scale fac[or gtvcil

i[~ ‘1’ab]r 7) uncertainties of the LJSNO IRIS “ln[cnsive” nlcasurcnlcnts  lakerl du[ in~, this [i me

lntcrval.

Fig,.3.  I'lclts  oftllcvzilllcs oft}lcx-c()Ill~lollcr~  t[lf~J()l:\r  [llotiotl  (3:1), y-colllpc>tlcIlt  ofll()lz~r 1llotio[l

(3 b), U’1’l-lJTC (3c), and change ~n [k length-of-day (3d) a< given by [k Fiarti] crr~enta[~on

combination SPACYN5. ‘1’hc discontinuous changes in the plot ol’ IU’I-(J’!’C arc caused by lhe

presence of” leap Scconcfs. Note that the LU’1-LI’1’C’  series displayed in 3C includes the tidal

variations < whcrcasthc  1,01) scrics shown in 3d dots not.

Fig.4.  Plots of the 10forlllal crrolsi tlttlcd ctcl[llitl:itiC~  nof(tlcx-  ct)llllJotlcIltof  lJolztl-tl lotiorl(4:i),

y-corilponcn(  of polar nlot ion (4 b), LJ’I’ i -[JT(’  (4c), and change in the length-of-day (4d) as glvcn

by the Iiarth orientation conlbination  SPACE95.  ‘1’hc insert wi[hin panels 4a, 4b, and 4C shows

that conlponent’s post- 1984 uncertainties on an expanded scale with tile sanle units

(rnilliarcseconds  (rnas) for PMX and PMY, n~ill iscconds  (nls) for LJT 1 -UT(2). ‘1’hc slight increase

in the forn~al  errors during 1995 arc a reflection of the fact that a nulnber  of tl~c individual scrlcs

conlbincd  to fornl SPACIi95  do not extend  through

1994 (see Table 1).
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TAB1 .1; 1. l)A’I’A S1;1’S C’OMIIIN1;IJ  “1’0 IORM SI)AC135

lJSNC) (N9604.lN”I”  141;l~1396:  (J’1’1 )
IRIS lntmsive “VII]]

LJ’I’CSR (C3R951.  O! ; PMX, PMY)
l.agcos SIR

GPS (S1093P01;  ” f)MX, I) MY)
Scripps G1’S

GPS (JPI,95P02;  PMX, PMY)
J PL. Gr’s

GPS (IGS Analysis; PMX, I’MY)
JPI. G 1’s
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‘1’Al\l.ii 2 APPI.1111)  OC1;ANI(’ CORRIK’’I’lo  NS “1’0 ‘1’111:  S01,11) f~ARTki  ‘1’ll)li MO?)l:l

}:lllld:illKHltal Argument l’~’sio(l ~or[ection

)’

o

0

0

0
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TAB] .1,3. INI’I’lAI , AI)J(JS’1’h4[;N’I’S h4Al)l;. PRIOk ‘1’() I’lI;}<AI”KVI1  PROCl:l)(JRl

l\!a\
(llla\)

V()! . i I“J’()

1.211 0.085
((). 1 27) (().137)

().494 0,047
(().()39) (0.040!

-04i3 -os?5
(0.5’78) (() <38)

1-. v
0,202 ().019

(0.02.2) (o 06))

0.331 () 128
(o.oi7) (0.058)

‘1 v
8.188 1.793

(0.841) (4 761)

0.498 () 623
(0.109) (().432)

sGP/CDP  (G1.B97:+f) PMX PM Y (1’1’1
Multihascltnc. -1.149  --1.992 0.469

(().()()7) (0.006] (().007)

NOAA (NOAA95K)2) PMX PM Y (J’1’l
IRIS In[en~ivc ..— . . . 0729

.-. -.. (0.021)

(JTCSR (CSR951,01 ) PMX PM Y
1 .agcos

[J-l’ 1
0.027 0.064 ---
(0.020) (0.018) ---

R{itt
(Illauyl)

V(31 (,!’~(]
-0.741 -0.154
(0.024) (().024)

{).147 –0.0[)6
(0.020) ((),016)

{).jq[l -0.095
(().1 l“?j (0.094  )

-1 v
().08(, 001 i

(().010) (0.028)

--0.()”78 -0.059
( 0.007) (0 024)

.,1 v
0.7)4 2.174

(0.083) (0477. )

.-. _— -
--- -.. .

;?4? .:;5: ..(};[; ;
(0.()()3) (0,003) (0:004)

Ph4x PMY LJ’I’1
. . . --- -0.07’7

.-. (0.006)

PMX PMY LJ’lc)
0.108 -0.042  ---

(0.006) (0.005) ---

Reference dale for bias- MC adjustment IS i 993.()
-.

45



!.1 R (J[’1..95MOI)
,Mci )(mild CI1lSIC1

CA- Australia Clumr

s(;f’/Cl)P  (GI.D973f-)
Wmtford--Ft. Davis

West ford–Moj:ivc

IIim
(11]:1s)

VOI , (J’1’()
1.059 ().()()4

((). 140) [() 1 30)

0.133 ().0()()
(0.068)  {0.055)

0.418  -0 .043
(0915)  (0745)

1., v
-0.07 I 0042
(().032) (().074)

0.051 ().053
(0.027) (().()7 1 )

,.I v
3.148 --1.230

(3.729) (6.555)

--0.233 0.136
(0.210) (0.439)

s(iF’/cl)P  (973f)
h~ultibaselinc

NOAA (95R02)
lf<lS  Intensive

m’CsR (951.01)
1 >agcos

PMX I’MY UT 1
--0.043 0.011 -0.036
(0.01 5) (0.013) (0.019)

PMX PMY CJ’1’1
___ -0.027

(0.022)

PMX PMY [J-l’ I
-0.027 0.019 ---
(0.020) (().0 1 6)

Iwc. (Jnm!ldin[y

(Illildyr) s~tii~  IactOJ

Vol. [ 1’1’() V( )1 . (!’[{)
(). 184 {).009 ! 6 :{0 1 154

[,0.04 1 ) (o 036)

()(li4 ().(1 i 5 ~ ~~~ i <:?
(0.():42) (0.021 1

- 0 . 0 1  I -0076 j y~(,). . . ] ,f>(]~
(().186?  (().15?)

‘[ ~1 ‘1 i’
().())4 ().053 1.354 { ,()()q

[0.()!s)  ({).035)

0.030 O.(K)O 1.371 i .098
(0.ol J ) (0.03 i )

1,, v -,
1 v

0.368 -0.112 0.904 0.870
~0.3’76)  (0.657)

--- --- 2.326 0.954

PMX PMY (JT 1 Pi%lx PMY IJ”J’I
() .014 0.005 0.005 ‘2.226 i .963 2. 197

(0.006) (0.005 ) (0.007)

f’h4X P M Y (J-l’ 1 Pivlx PMY LJrl’1
-.. . . . 0.014 --- --- ().933

(0.006)

P M X  I’Ml’ I_J1’1 PM X PMY LJ’I’ !
0,025 0.010 --- 0.849 0.743 ---

(0.006) (().()05)

Rcfcrcncc dtuc for bias-rtltc adjLMmcnt  is 1993.0
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TABI,I; 5. Al)J(lSTM[{N”l’S  MA1)I;.  ‘1’0 (JSNO ANI) GPS SI;RII13

( !SNO (N96(M  ) -0.143 1.249 - ( ) . 7 5 ! 0.220 ().117 ().052 2.012 1.602 j 783
h4ultitxisclinc (().()16) (().() 12) (().()19) (().()09) (0.007) [0.010)

(11’s ( S 1 0 9 3 1 ’ O I  ) - 1.081 - 1.457 . . ! 956 1.90], --
Scripps (0.035) (0.039)

(;1’S (JPI.95P02) -().184 -().2()0 -- 0 0 8 4  - 0 1 3 9  - - - 3.257 ~~()(j . . .
JPI. (().()25) (0.023) (0.021 ) (0.ot9)

CiPS (lGS Ar~alysls) 0.460 0 . 2 7 8 . i2.2’73 3,342 ---
JP1, (0.035) (0.016)
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‘1’Alll.~i 6. COMMON ADJ[lS”l’MfiN”l’ MAl)Ii “1’() Al IGN SI:RII:S WITII IiOP(lliRS]  C [)4

llias Km
(Ilmi (lllii\/yI”)

l)MX [’MY [J’1”1 PNX !’N4 Y {i-i 1

().()1() --o.05~) 0.040 ..(),()~~ 0.0!8  ().009
(().()1 1 ) (0.010) (0.016) (0.om  1 (0.U02) ( 0 . 0 0 4 )

48



I );l[a w f;las
NaT!K’ (mas)

i.i.R (Jf’1.95MOi  ) V(N . (1’1’0
~C]hl:ki {:\llSIC!’ -0.200” 0 . 1 3 4

{lY?GA 0 . 6 2 4  ().055

}Iakakaki -0.010” - !.4s4

i)sN (J P[.9SR01 )
,,. v

{’A- spain (:lustel 0.178 0 or) ‘3

~A -- Auwaki CIIISICI ().323 ().046

s(;P/c:I)P  (GI. B973[”)
I 1.;s7

v
wcstfoIci–F(. I)avls 0.576

Wcstford--M(>javc 0.283 ().79 I

sGP/cDP (973f) PMX PMY IJ’1’1
Nlullibaselinc -1.203 -2.040 0.480

USNO (N9604) PMX PMY lJ’1’1
Multibaselinc -0.153 I .190 -0.705

NOAA (95R02) PMX PM Y I-J’l’ I
IRIS Intensive --- --- {).748

(ISNO (N9604.  IN’I’) Ph4X I’MY lJ’I’1
lRJS lntcnsivc  --- --- -().898

[J?CSR (951.01) PfvYx PMY lJ”I’1
I.agcos -0.010 ( ) . ( )23 - - -

GPS (S1093POJ ) PMX PMY LJ’1” 1
Scripps --1.091 - 1.516 ---

GPS (J P1.95P02  ) PMX PMY IJT 1
JPI. -0 .194 -0 .259 - - -

GPS (IGS Analysis) PMX PMY LJ1’1
J PI. 0.450 0.219 ---

!.s49

,, v
0.os3 o.os~)

~.
v

i .055 - ().()90
“1

0.904

().028 0.008 2.326

PMX f’MY LJT ~
0.154 -0.072 --0.121

f)MX
2.226

PMY
1 .9(,3

LJT 1
2.192

PMX PMY LJ’1’1
0.193 0.099 0.043

PM X
2.012

PMY
1.602

UT1
1.783

PA’IX Ph4Y LJ’I’1
. . . . . -0.072

PMX
..-

PM Y

I’MX PN4Y UT 1
. . . . . . 0.156

Ph4x
..-

I>Ml’
. . .

PMX PMY LJT 1
0.106 - -0 .049 - - -

Prvlx
0.849

UT 1
---

PMX PMY LJ”l’1
-0.027 --0.018 ---

PMX
i .956

PMY
1.903

I’MX P M Y (JT 1
0.057 --0.156 ---

PMX
3.257

PMY
2.800

f ’MX f}MY LJT I
-0.027 --0.018 ---

PMX
12.273

PMY
3.542

LJ?’1
---

Rcfcrcncc  date for bias-rate a(ljus(mcnt  is 1993.0
—._—. - ——.. .. —.— —.
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